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Abstract

The growing demand for scalable biomedical solutions calls for precise, programmable, and cost-
effective manipulation techniques at the microscale. While mechanical and magnetic methods have
been explored, they often face limitations in flexibility, biocompatibility, or scalability. Optical tweezers
offer high precision, but suffer from thermal side effects and complex, expensive setups. Optoelec-
tronic tweezers (OET), by contrast, utilize patterned light to induce dielectrophoretic forces, enabling
flexible, energy-efficient, and scalable control of microscopic particles using relatively simple hardware.

To support advanced biomedical research at Delft University of Technology, a fully functional OET
platform was developed from the ground up. It integrates a custom transparent photoconductive
microfluidic chip with a DMD-based optical system for real-time, reconfigurable actuation. Custom-
fabricated PDMS microgear robots were successfully manipulated under varying electrical and optical
conditions. Using precise motion tracking and calibration, the generated dielectrophoretic forces were
quantified, with peak values approaching 500 pN, and benchmarked against theoretical models and
literature estimates.

This research demonstrates that complex-shaped microbots can be effectively actuated within a
custom-built OET system, paving the way for future applications in automated diagnostics, single-cell
manipulation, and intelligent lab-on-a-chip platforms. By combining hardware innovation with theoret-
ical insight, this work lays a robust foundation for microscale robotics in next-generation biomedical
technologies.
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List of Abbreviations
This abbreviation section outlines the definitions of all abbreviations appearing in this report, presented

in order of occurrence.
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This nomenclature section outlines the definitions of all parameters appearing in the functions dis-
cussed in this report, presented in order of occurrence.
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\Y Del operator [-]

E Electrical field vector [V-m™1]
p Electrical charge density [C-m™3]
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F The force vector [N]
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T The Maxwell stress tensor [N-m~2]
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I Intensity of light [W-m-2]
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Introduction

The outbreak of COVID-19 in late 2019 marked the beginning of a global crisis that would claim the lives
of over 7 million people worldwide, including 23,000 in the Netherlands alone [1]. Beyond the tragic
death toll, the pandemic deeply affected mental well-being: nearly 1 in 10 Dutch citizens reported
feeling severely lonely during this period [2]. The social impact was paralleled by massive economic
disruption, with the costs of the pandemic estimated at $12 trillion for the global economy, equivalent
to roughly 10% of global GDP [3]. Many pharmaceutical companies worked hard to create a vaccine
to counter the rising number of infected people. While traditional vaccine development often spans 10
to 15 years, the first COVID-19 vaccines were approved within just one year [4].

The development of vaccines relies heavily on manual laboratory procedures such as pipetting, cell
handling, and microscopic analysis. These workflows are labor-intensive, time-consuming, and spa-
tially demanding. Automating such processes could drastically accelerate vaccine development and
biomedical research. This resulted in a great ambition in the lab of Prof. Smith at Delft University of
Technology, where the goal is to automate cell sorting, selection, imaging, and transfer for the devel-
opment of antibodies. To achieve this, a precise and controllable method for microscale manipulation
is essential.

Over the years, several techniques have been developed to manipulate microscopic objects with
high precision. Among them, optical tweezers exploit the momentum carried by photons of a focused
laser beam to trap and move transparent particles [5]. However, their reliance on high-power lasers
often leads to undesirable thermal effects. This limitation has initiated the emergence of alternative
tweezing techniques, including optothermal, plasmonic, optoacoustic, and optoelectronic tweezers.

OET offers a compelling combination of high precision, low power requirements, and controlla-
bility [6]. The technology has progressed from fundamental research to commercial application—for
instance, in Bruker’s Beacon® system, which reduces timelines for cell analysis by months [7]. More-
over, OET systems can manipulate complex-shaped polymer microstructures fabricated via two-photon
polymerization [8], unlocking dynamic and reconfigurable environments at the microscale. Such ca-
pabilities pave the way for lab-on-a-chip platforms that could revolutionize biomedical workflows by
increasing throughput, minimizing spatial and labor demands, and lowering costs—ultimately enabling
faster, more affordable, and more sophisticated diagnostics and therapeutics.



2 1. Introduction

Creating an OET setup compatible with custom-shaped microbots is non-trivial. It requires the
design of a microfluidic chip that forms the foundation of the envisioned lab-on-a-chip system. This
microfluidic chip functions as a capacitor, with a dielectric liquid containing the target microparticles as
a dielectric material. By integrating a photoconductive layer on one side of the chip, we can dynam-
ically shape the internal electric field by projecting patterned light, forming virtual electrodes. These
light-induced virtual electrodes generate a spatially non-uniform electric field, exerting dielectrophoretic
forces on nearby dielectric particles. The optical setup provides the illumination pattern, enables real-
time imaging, and delivers the electrical periodic signal to the chip.

In this thesis, we first present the theoretical framework governing the physical phenomena involved
in OET. This includes an analysis of the key variables that influence system performance, providing
a solid foundation for design decisions across the entire setup. The theoretical derivation is extended
by a dedicated document, "The Fundamental Principles of Optoelectronic Tweezer”, written in parallel
and included as supplementary material, offering a more in-depth and accessible explanation of the
underlying physics.

Subsequently, we describe the methodology used to design, implement, and benchmark each com-
ponent of the OET system. The results are summarized in the main chapters and presented in full detail
in the appendix. Finally, we reflect on the findings by comparing them to theoretical predictions and
literature, and offer recommendations for future improvements.

By following this structure, this work aims to contribute to the foundation for ongoing research at
Delft University of Technology in the field of optoelectronic manipulation. Ultimately, it opens up new
possibilities—not only for advancing microfluidic and biomedical research, but also for enabling more
accessible, affordable, and scalable healthcare technologies worldwide.



To guide this research in a structured and goal-oriented manner, we formulate the following central
research question:

What are the characteristics of a microgear microbot in a self-made optoelec-
tronic tweezer system, and how can it be manipulated accurately?

Although this question may appear straightforward at first, it encompasses multiple complex challenges.
Therefore, it is divided into the following subquestions:

1. How can an optoelectronic tweezer system be realized at TU Delft?

a.
b.
C.

d.

How can the optical system be aligned?
Which illumination source is most optimal for the OET setup?
How can a working fluorescence microscope be integrated into the OET setup?

How can the microfluidic chip be provided with the appropriate electric potential, fluid velocity,
and thermal stability?

2. How can a suitable microfluidic chip be developed for OET?

a.

C.

Which materials (conductive layer, photoconductive layer, medium, etc.) are suitable for use in
the OET chip?

What dimensions are appropriate for the microfluidic chip, considering the optical setup and par-
ticles of interest?

How can a reliable and reproducible fabrication method be established?

3. How can the microbot be manipulated optimally in the OET system?

a.

b.

C.

d.

What are the optimal design parameters (size, material, geometry) for the microbots?

How can the characteristics of the microbots be measured to determine the DEP force acting on
them?

What are the ideal OET settings (voltage, frequency, illumination) for effective control?

How can appropriate patterning be implemented for precise microbot manipulation?

Together, these subquestions provide a comprehensive and structured approach toward the develop-
ment, implementation, and evaluation of a functional OET system, laying the groundwork for future
exploration in microscale actuation and smart biomedical technologies.






Theory

The physics underlying an OET system is complex and multifaceted. A clear understanding of these
principles is crucial to explain system behavior and ensure effective design choices. This chapter intro-
duces the key physical mechanisms behind each component of the OET setup, following the schematic
overview in Figure 2.1.

Section 1 covers the dielectrophoretic (DEP) force, the primary mechanism for particle manipulation
in OET, highlighting its dependence on the electric field, frequency, particle shape, and material proper-
ties. Section 2 discusses the microfluidic chip, focusing on the dielectric medium and passive electronic
elements. Section 3 introduces the photoconductive layer (PL), which enables dynamic shaping of the
electric field through light-induced conductivity. The section includes the PL’s absorption characteris-
tics and resulting photoconductivity. Section 4 explores the dynamics of the dielectric particle, including
all relevant forces beyond DEP. Section 5 outlines the optical setup (OS) used for imaging and control,
and Section 6 describes the instrumentation required to fabricate and operate the system.

This chapter presents only the theory essential to this thesis. A more detailed theoretical back-
ground can be found in the supplementary document, "Fundamental Principles of Optoelectronic Tweez-
ers”, developed alongside this work.

Section 6: Instrumentation

Section 1: The dielectrophoretic force

SRl DR

EEEE ® Section 2: The microfluidic chip
*

Section 3: The photoconductive layer

Section 5: The optical setup

Figure 2.1: A schematic depiction of an OET setup. This depiction shows the layout of the sections, describing the theory of all
the OET components in this chapter.



6 2. Theory

2.1. Dielectrophoretic force

The primary purpose of the OET is to move a microparticle accurately. To do this, the OET exerts the
DEP force. The underlying physics of this DEP force originates from the field of electrodynamics. The
4 Maxwell equations govern this field [9].

p JB
V-E=— VXE=——
€ at 2.1)
V-B=0 VXB= _+16E |
- —,LloJ Czat

The del operator V is used for differential equations in vectors, with the dot product denoting the
divergence and the cross product denoting the curl of the field. The electrical and magnetic fields are
given by E and B. The density of charge is given as p. The permittivity of free space is given by ¢,
and the permeability of free space is given as p,. The speed of light is given by c. The current density

is given by j, and % denotes the derivative with respect to time. When the electrical field is residing in

a dielectric medium, it is convenient to rewrite Maxwell’'s equation in macroscopic form by introducing
the auxiliary fields D and H defined as:

D =¢E H =B (2.2)

The magnetic permeability of the dielectric medium is given by . The complex permittivity of a homo-
geneous dielectric medium in a time-dependent input field is defined as é = ¢ + L'%. The real part is

known as the permittivity of the medium €. i = v/—1 denotes the imaginary unit. The imaginary part of
¢ consists of the conductivity of the medium ¢ and the angular frequency of the electric field w. If we
put a dielectric in between two charged electrodes, a field will exist within this dielectric material. The
negative charges bound to the atoms of the dielectric will orient themselves in the direction of the nega-
tively charged electrode and vice versa for the positive charges. This effect is called polarization and is
accounted for in the definition of the auxiliary field D. When the field would alternate because, e.g., an
alternating current would be applied on the electrodes, the charges need to orient themselves with the
corresponding charged electrodes. Because this effect is not instantaneous, the charges have some
delay in orienting to the right electrode. This orientation creates a loss of electrical energy depending
on the frequency, which is covered by the imaginary part of the complex permittivity [10]. Using the
permeability and the real part of the permittivity in a medium, we can derive the speed of light in a

. 1
material as cZ, = o

2.1.1. Maxwell stress tensor and electric dipole force
To determine the force on a dielectric particle in a dielectric medium due to the electromagnetic fields,
we need to start at the Coulomb-Lorentz force [9].

Frecn = f (OE +j x B)d®r (2.3)
174

This integral is taken over a volume V in each direction r. For a dielectric particle, the force equation
can be more conveniently expressed in terms of the electric and magnetic fields alone. We can elim-
inate the charge density and the current using the Maxwell equations from equation 2.1 and change
the permittivity and permeability as we did for the auxiliary fields in equation 2.2.

Frech = f d3r(pE +jxB)
14

[ 1 ué 0B
=fd3r (6-E)E+4+(-VxB-———|xB
v | 7 p ot

= f d3r -é ((V E)E+ (E-V)E — 1V(E . E)) + 1 ((V -B)B+ (B-V)B — 1V(B . B)) — éi(E X B)]
v | 2 u 2 at

[ 1
=f d3r V'T——ZS]
1% | Cm

(2.4)
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In the last step, we see a substitution of S, which is also known as the Poynting vector. The substi-
tuted T is the Maxwell stress tensor and describes the volume force on a dielectric particle.

1 1
T = ¢(EE - S 1[E[?) + u(BB — S 1|B?) (2.5)

The identity matrix I has the size necessary to match the size of the tensor. If we consider a parallel
plate capacitor, which the OET essentially is very similar to, we can derive the expected limits of the
electrical and magnetic fields [11]. The first term of the stress tensor is many orders of magnitude
larger than the second term, which allows us to neglect the effects of the magnetic field. Assuming the
electric field takes the form of a complex harmonic function E.(r, t) = E(r)e!®t, we can further simplify
the Maxwell stress tensor.

Re [T(r, t)] = Re(é)Re [EcEc - %(Ee : Ec)]

1
——— A * * _ 2
ZRe©® [EE* + E'E — I|E|?] + 2.6)

1 . . 1 . .
+ ZRe(é) [EEemwt + E*E*e—ZLwt _ E(lElzeZL(ut: + |E|Ze—21wt)H]
= T1 (1‘) + T2 (r, t)

The force on a dielectric particle depends on the real part of the Maxwell stress tensor. We can take
the time average' to analyze the effects of multiple periods of the applied electric field on the particle.
Using the divergence theorem on the real part of the Maxwell stress tensor from Equation 2.6, we can
rewrite the time-average force as an integral over the particle’s surface.

1
(Fmecn) = f Re [V T - C_ZS] d3r ~ J- [V Tq] d3r
%4 14
= f T, - AdS (2.7)
A
1
= ZRe(@)f [EE* + E'E — [E|?1] - AdS
A

The total force is given as the summation of the forces on all infinitely small surface elements dS.
The particle’s surface is given as A, and the unit vector pointing outward from the particle at each
surface dS is given as 7.

2.1.2. Electric dipole force on a spherical particle

We have derived the force of the electrical field on a dielectric particle in the form of a surface integral.
To solve this integral requires the electric field outside the particle, E,. The electrical field inside the
particle is given as E,. A schematic depiction of these fields in a spherical dielectric particle in a
dielectric medium is shown in Figure 2.2. We use the boundary conditions of a dielectric particle in a
dielectric medium to find the electrical field outside the particle [12]. The permittivity of the materials is
given as é; for the medium and as €, for the particle.

élEl'ﬁ:ézEz‘ﬁ = E1n=€TE2ﬁ (28)
1 .

E1 X fi = Ez XA = E1,|| = E2’||
Using these boundary conditions, we can fully relate the field outside the particle to the field inside

the particle. A
E1 = El;l + E1,|| = E2 + b(E2 . ﬁ)ﬁ (29)

"We assume that the frequency of oscillation is much higher than the particle dynamics.
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m

—_— . T

Figure 2.2: A schematic depiction of the field E, outside the particle and the field E, inside the particle. The uniform field E,,
which we would expect in a capacitor, is disturbed by the dielectric particle [13].

The introduced complex number is related to the permittivity of the materials b = ézé_él. To arrive
1
at the formula for the DEP force, we need to solve equation 2.6 using the electrical field outside the
particle, i.e., E = E;. We can relate the electrical fields E,; and E, to the applied electrical field E, by
incorporating the boundary equation 2.9 and relating the fields to each other using spherical harmonics
[14]. To solve this integral, we must assume that the field can be linearized using a Maclaurin series.

E;(r) = E,(rn)
1
=) S VB )
=5 (2.10)
= E,(0) + 7( - V)E,(0) + %rz(ﬁ - V)2E,(0) + ...

first-order

second-order

When we consider only the first-order linearization of the electrical field, we arrive at the first-order DEP
force for a spherical dielectric particle.

F ) = ZRe(él)f [(6" + 1)(E, - DE, + (b + 1)(E, - DE;, + bb"|E, - 4|7 — |E, |A] dS
A

(2.11)
= nriRe(é,) [K (@) (Eo - VE] + K*(w)(E; - VE]

The K-factor is the so-called first-order Clausius-Mossotti (CM) factor, which is dependent on the
field frequency w and the permittivities of both the dielectric particle and the medium. It determines the
direction of the DEP force, as shown in Figure 2.3.

. 1 .
b é—é (€2 —€1) + ~(0, —a1)i

) =3 g v2e 1 : (212)
+ 2 1 (6, +26)+ w(O'Z + 20y)i
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Conductive electrode

Insulator Insulator

Conductive electrode

Figure 2.3: A schematic depiction of the effect of the Clausius-Mossotti factor on the direction of the DEP force in an OET. When
the CM factor is positive, the DEP force will point towards the illuminated spot and vice versa.

If we assume that the applied electrical field is a complex harmonic of the form E, = E}-(r)ei‘”téj
with E;(r) being the magnitude of the field at position r in the direction of é;, we arrive at a special form
of the DEP form defined as conventional dielectrophoresis (cDEP), which is the most used expression
in literature for the DEP force.

(FL ) = nr3Re(é)) [K (W) (Ej(1)e“té; - V)E;(r)e~“te; + K* (w)(Ej(r)e~'“t¢; - V)E;(x)eté;]
= mr3Re(é;)Re(K (w))V|Eo|?

= 21r3Re(é;)Re(K (©))VE;ms

(2.13)

In the last step, the squared norm of the field was replaced by the root mean square, assuming
the applied field is sinusoidal. The DEP force can also be described as a dipole force resulting from
the induced dipole moment in the dielectric particle. This derivation is often used in literature, using a
dipole moment that results in the same DEP force as is derived by using the Maxwell stress tensor.

(Fepep) = Re[(p - VIE]

_ . 3 &= €& . (2.14)
Re [(47‘[611' —éz ~72e, E, V) EO]

It is important to note that this formula is incorrect for particles of different shapes (e.g., ellipsoids),
particles with layered boundaries (e.g., cells), and electrical fields where the linear approximation is not
valid. For an accurate description of an arbitrary shape, the integral equation 2.7 has to be integrated
numerically.
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2.2. Microfluidic Chip

The electric field needed to induce a DEP force can be generated by placing two plate electrodes in
close proximity, similar to a parallel plate capacitor. Since the DEP force depends on the permittivity
of both medium and particle, it is important to choose a medium that induces a big enough DEP while
allowing for easy manipulation and engineering.

2.2.1. Dielectric medium

The DEP force depends linearly on the real part of the complex permittivity of the medium. Besides
that, the real part of the CM factor determines the direction of the DEP force depending on the complex
permittivities in the system. Therefore, we need to ensure that the dielectric properties of the medium
and the particle fit the required dynamics of the OET. The simplest media, often used in literature,
is deionized water, often containing 0.05% Tween-20 [15]. Deionized water is free of impurities and
has relatively low conductivity, allowing the dielectric medium to function as a low-loss capacitor. The
Tween-20 has been shown to increase the hydrophilicity of the particles which prevent the adhesion to
each other and to the photoconductive layer [16].

The choice of medium also has a limiting effect on the minimum frequency of the electric field that
can be used. This is due to the bubbles that form in the medium due to the separation of hydrogen and
oxygen molecules when low-frequency voltages are applied. This phenomenon is known as electroly-
sis [17]. The electrolysis regions must be avoided because the bubbles can interfere with the OET by
limiting or degrading its performance. In OET setups, electrolysis often occurs at frequencies below 1
kHz [18].

For live cell manipulation using OET, deionized water is not sufficient. Cells require a specialized
medium with specific properties, including salts, a controlled pH level, and an appropriate temperature.
The principle of the OET has proven itself to work at different dielectric media [19].

2.2.2. Electrodes

Because the microfluidic chip works similarly to a parallel plate capacitor, we can model the chip as an
electrical circuit. Since a light source is used to both operate the OET and image the sample, electrodes
must be both electrically conductive and optically transparent. This is typically achieved by sputtering
a small layer of Indium Tin Oxide (ITO) on a microscope glass with a silver contact strip [20]. The
transmittance and reflectance of different ITO layer thicknesses can be seen in Figure 2.4. Figure 2.5
shows the resistivity of different ITO layer thicknesses.
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Figure 2.4: The transmittance and absorbance of differ- Figure 2.5: The resistance, carrier concentration, and Hall mobility of
ent thicknesses of ITO film [21]. different thicknesses of ITO film [21].



2.2. Microfluidic Chip 11

To be able to project specific patterns on the OET, which in turn would allow us to move and position
the particles in the trap to our liking, a photoconductive layer (PL) is placed on one of the electrodes.
This layer is described in detail in the following section. From an electrical point of view, we can model
the conductive and PL layers as series resistances, and the medium as a capacitance. This leads to
the circuit shown in Figure 2.6.

RITO

Signal Vin
generator

Photoconductive layer \/\/\

Riro

Figure 2.6: The OET is modeled as an electrical circuit with the most important resistances and impedances.

Using the fact that the current is constant in a series circuit, we can calculate the voltage drop over
the impedance of the medium [22].

= Vi _Vn
 2Ripo + RpL(P) + Zm  Znm
215
Vinm (2.19)

-
™ 2Riro + Rp(P) + Zp,

The voltage drop over the medium V,, is related to the total input voltage V;,,. The resistances of the
ITO glasses and the PL are given by R;r, and Rp,, for which the PL depends on the projection? of light
P. The impedance of the capacitor with the medium depends on the frequency of the applied signal,
the medium’s material properties, and the microfluidic chamber’s geometry [23].

-1

A
Zpy = <iwereoa> = (iwC)™?! (2.16)

w is the frequency of the applied electrical signal. e, is the relative permittivity of the medium. A
is the area of the microfluidic chip, and d is the height of the microfluidic chamber. The formula can
be rewritten to the capacitance C, which can be measured using the right measuring device. In the
absence of dielectric particles, the uniform field of this capacitor can be calculated from the voltage
drop across the medium:

-1
E = = (2.17)

. A\t
d 2RITO + RPL(P) + (l(l)ErEOE>

Vin Vin (iwereog)
d

2The dependency of the Rp;, on the projection will be discussed in more detail in the next section.
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2.3. Photoconductive layer

The photoconductive layer used in OET is often hydrogenated amorphous silicon (a-Si:H) [6]. This
material is a semiconductor with a sufficiently small bandgap that visible or infrared photons can be
used to promote electrons from the valence band to the conduction band. Effectively, this allows us
to switch the material behavior from insulating to conducting by photo-activation [24]. This property
enables the electrical field inside the microfluidic chip to be shaped. We will now discuss the physics
behind these properties of a-Si:H, which will inform us of the ideal design choices for the PL layer.

2.3.1. Electron dispersion in a semiconductor

An electron in a solid has dynamics, as described by Schrédinger’s equation. This equation can be
solved in steady state by setting the potential V(r) to 0. When using the ansatz that the electron’s
wavefunction can be written as a complex exponential, we can find the eigenvalues [25]. These are
the eigenenergies that depend on the wave number k of the electron.

'halP = re V24V p
La (r,t)—[—% + (r)] (r,t)

| Steady state and V(r) =0
2

h

M ey = (2.18)
ZmV Y(r) = E¥Y(r)

| Ansatz: W(r) = Ce'k™
h%k?

- 2m

The reduced Planck constant is given by 4. The electron has a mass m and a wavenumber k. This
wavenumber has a direction but is assumed to be equal in every direction. Assuming that each electron
occupies a cubic box with sidelength L, we can find how many energy states we can have in a given
total volume and an amount of energy. This number of states N(E) can be translated to a density of

states g(E) = dZ—fEE) [26].

N(k)=<%> [[ax= f K2dk

VE(K) <E
L3/2m3/2
2h3

LI
905) = g VE

(2.19)

N(E) = f\/_dE fg(E)dE

We used the eigenenergy E (k) from equation 2.18 to rewrite the number of states from depending on
the wavenumber to the eigenenergy. In this formulation, we added a factor of 2 to account for the spin
degeneracy of the electron. To arrive at the eigenenergy and the density of states, we assumed that
the electron is free to move in the solid. This is the case for conductors but not for semiconductors
or insulators. The effect of this nearly free electron is that it is more confined to its cubic box, as we
defined previously. This effect is visualized in Figure 2.7. We can see that the eigenenergy is periodic
with a total length of 27 times the cubic box side length L. When an electron is in a conductor and is free
to move, it can enter eigenenergies in other boxes easily denoted by the blue line. When an electron
is in a semiconductor, it is not entirely free to move between the boxes, which opens up gaps between
the allowed amounts of energy. These gaps are called band gaps and are one of the distinguishing
qualities of semiconductors and insulators.
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Figure 2.7: The dispersion relation of a free electron in blue and a nearly-free electron in orange. The dispersion relation is
periodic in ka with a being the length of the cubic box, which we denote as L [27].

In their ground state, electrons are confined to the low-energy band, known as the valence band.
If sufficient energy is provided to the electron, e.g., by absorbing a photon, the electron is promoted
to higher energy bands. This allows the electron to move (almost) freely within the solid, making the
material a better conductor. For this reason, the higher energy band is referred to as the conduction
band.

2.3.2. Hydrogenated amorphous silicon

Solids tend to form ordered crystals. This is the case for crystalline silicon (c-Si), where silicon atoms
are neatly organized in a lattice. When the atoms are randomly removed from the lattice, the regular
structure is broken and amorphous silicon (a-Si) is obtained. The random distribution leaves some
bonds that are not attached. These are called dangling bonds and capture moving electrons in the
amorphous silicon. When hydrogen atoms are added to cap the dangling bonds to compensate for
this phenomenon, hydrogenated amorphous silicon (a-Si:H) is created. Figure 2.8 shows a schematic
depiction of the types of silicon.

MONOCRYSTALLINE AMORPHOUS AMORPHOUS
SILICON SILICON HYDROGENATED
SILICON

Figure 2.8: An illustration of the difference in crystal lattice structure. From left to right, monocrystalline silicon, amorphous
silicon, and hydrogenated amorphous silicon [28].

The density of states is different for each type of silicon. The disorder in the a-Si results in localized
states, which decrease the band gap by allowing some states between the valence and conduction
bands, known as the Urbach tails, as shown in Figure 2.9.
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b fd

localized states

Figure 2.9: A schematic density of states for crystal silicon and amorphous silicon. E, is the maximum energy of the valence
band. E. is the minimum energy of the conduction band. The band tails are due to disorder in the structure [29].

In a-Si:H, the localized states are often described as having the Urbach tails with an addition of
two Gaussian distributions. These localized states are shown in Figure 2.10. The specific band gaps
depend on the material properties of the a-Si:H. It changes with different amounts of chaotic distribution
and doping of hydrogen to cap the dangling bonds [30].
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Figure 2.10: A schematic depiction of the difference in density of states between crystallized silicon and amorphous hydrogenated
silicon. ED and EA describe the tails of the Urbach tails. E,, E, and E; are the valence band energy, conduction band energy,
and the Fermi energy. D*/D° and D~ /D° represent the donor-like gap states per unit volume and the acceptor-like gap states
per unit volume [31].

2.3.3. Absorption coefficient

To determine how the electric field in the OET will be affected by the PL layer while exposed to illumina-
tion, a relation between the change in electrical conductivity, the photon absorption coefficient, and the
illumination power must be established. When photons collide with electrons in a material, the energy
can be absorbed, and the electrons can jump to a higher energy state. This phenomenon is called the
photoelectric effect and was first discovered by Albert Einstein. The energy of a photon depends on its
wavelength [32]. The amount of photons absorbed by the material is given by the Lambert-Beer law
[33].

dl
— =~ I®a®)
hc

— —a()x — _~ ,—a(l)x
I(x) =1(0)e TALE

(2.20)



2.3. Photoconductive layer 15

The absorption coefficient is given by a« and depends on the wavelength of the photon 1. The
intensity of light I is the energy per area A per unit of time t. The energy of a photon is given by the
Planck constant h, the speed of light ¢, and the wavelength of light. The higher the depth x the light
travels inside the material, the lower the light intensity due to absorption. When a photon is absorbed
in the material, it can excite an electron with sufficient energy for it to leave the surface of the material.
The generation rate is given using the quantum efficiency n as g(x,1) = n(A)a(1)l,(1)e *@D* when
disregarding the reflectance of the material [34]. These free electrons leave behind a hole, which
creates more space for electrons to move in the valence band. The material’s conductivity is determined
by the initial conductivity at ground energy with the addition of the created electrons and holes.

0 =0+ b0

(2.21)
= le|(unno + .Uppo) + |e|(unén + ﬂp6p)

The conductivity o depends on the electron charge e, which is moved by electrons n and holes p with
their respective mobilities 1, and w,. The change in electrons can be calculated using the generation

rate.
dn

77 9O —r(®) =g(8) —cconp (2.22)

The carriers, i.e., holes or electrons, can be recombined, removing their contribution to the con-
ductivity. This happens at a certain recombination rate r(t), which is, for intrinsic photoconductivity,
depending on the recombination coefficient ¢, and the number of holes and electrons. More factors
can influence the change of conductivity of the material, such as trapping of electrons [35]. The in-
crease in conductivity has been experimentally found to be linearly dependent on the optical power

[36].

S
Tnﬁ

The increase in conductivity depends on the quantum efficiency n, which is the conversion effi-
ciency of a photon with enough energy into a free electron. t,, is the lifetime of the free electron. S is
the optical power and f is the frequency of the light. In Table 2.1, the absorption coefficient and the
photoconductivity given a certain wavelength of light are shown. The absorption coefficient increases
with decreasing wavelength of the photons. This translates to a bigger increase in photoconductivity
with higher energies of light.

Ao = enau, (2.23)

Color  Wavelength (nm) Averaged Absorption Coefficient (m~!) Photoconductivity (S/m)

Red Max: 700 1.0 x 10° 1.1 x 107
Mean: 660 1.7 x 10° 1.8x 1075
Min: 620 3.1 x 10° 3.1x 1073
Orange Mean: 605 4.3 x 10° 42 x107°
Yellow  Mean: 580 5.7 x 10° 5.3x 1073
Green  Max: 570 6.8 x 10° 6.3x 1073
Mean: 530 1.1 x 107 9.6 x 1075
Min: 495 1.7 x 107 1.3 x 1074
Cyan Mean: 485 1.9 x 107 1.5 x 107*
Blue Mean: 463 2.5 x 107 1.8x 1074
Purple  Max: 450 2.8 x 107 2.0x107*
Mean: 415 3.6 x 107 2.5 x107%
Min: 380 4.5 x 107 29x107%

Table 2.1: The photoconductivity of a-Si:H depends on the wavelength of the photons. For this data, an optical power of S = 0.2
mW/cm? was used [36].
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Besides a-Si:H, more possible photoconductive layers exist for OET. A bulk-heterojunction polymer
(BHJ) has been shown to work, which is less complicated and expensive to fabricate [37]. In addition
to that, BHJ can be used to create flexible photoconductive layers [38]. The downside of BHJ is its
relatively short lifetime. Another material used as the photoconductive layer is the organic photosensi-
tive material titanium oxide phthalocyanine (TiOPc). This material is promising, for it can be fabricated
within 40 minutes [39]. The most promising photoconductive layer material is a phototransistor-based
junction of differently doped a-Si:H [40]. This material is complex to fabricate but showed a bigger
conductivity difference between illuminated and non-illuminated spots. This results in stronger elec-
trical fields overall and, therefore, stronger DEP forces, which opens up the OET more to living cell
manipulation.

2.4. The dynamics of the dielectric particle

Precise control of dielectric particles in OET actually requires considering more forces than just the
DEP force. The DEP force is the controllable input force, but we also need to consider forces such as
friction and fluid forces. A free-body diagram of the dielectric particle with all possible forces working
on it can be seen in Figure 2.11. We will discuss all these possible forces in this section.
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Figure 2.11: The OET forces that are working on a particle submerged in a medium, free to move (left) and stuck to the bottom
(right).

2.4.1. Forces on the particle

Gravity and Buoyancy

The gravity and buoyancy forces push the particle down and up, respectively. Both depend on the
gravity constant and the particle’s volume. The gravity force pulls the particle down due to its weight,
while the buoyancy force pushes the particle up due to the weight of water that needs to be displaced.

F,=-Vp,92 F, =Vpnhg2 (2.24)

with the volume of the particle V, the density of the particle p,, the density of the medium p,,, the
gravitational constant g = 9.81 m/s? and the unit vector 2 pointing upwards.
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Brownian motion

When particles are small enough, they collide with other small particles that move due to their
entropy. This collision randomly moves the particle in any direction. This can be described using
Brownian motion and taken as a stochastic disturbance with decreasing expected motion with the
increasing size of a spherical particle [41].

dxbrown _ ka _ dszrown
( dt )= 3mnr (Forown) = m(T) (2-25)

where the random movement in x direction is depending on the Boltzmann constant k,,, the tem-
perature T, the viscosity of the medium 5 and the radius of particle r. The Brownian force depends on
the time derivative of this Brownian motion and the mass of the particle m.

Drag force
When a particle moves in a fluid, it will be slowed down by the fluid’s resistance, called drag. The
Navier-Stokes equation describes the dynamics of a fluid [42].

oV
Om (E + (V- V)v> =-Vp+uV?V+F (2.26)

The Navier-Stokes equation gives the velocity of the fluid V and the pressure on the fluid p due to
an external force F. This equation is difficult to solve and often requires simplification to arrive at an
analytical result. We can simplify the Navier-Stokes formula by substituting the Reynolds number Re.

pm|VIL v oy |VIL [VIL
= —— > Re E + (V . V)V = |V|LV V- TVp + TF (227)

U

Re

L is the particle’s characteristic length. The external forces are ignored in full dynamics, meaning
we will ignore them when deriving the drag force. If we consider the Reynolds number small, we can
ignore the left side of the modified Navier-Stokes equation. This results in the relation between the
pressure and velocity of the fluid.

uviv = vp (2.28)

Another relation can be found by the steady-state continuity equation of a fluid with a homogeneous
density, which results from the conservation of mass [43].

d
d—’t)+v.(pV):0—>v-v=o (2.29)

To find the force on a particle due to the viscous stress of the fluid, we need to solve the surface integral
of the viscous stress tensor g,,.

Furag = f o, - dS o, = —pl + u(VV + (VV)1) (2.30)
s

When we assume the particle to be spherical and the fluid’s velocity relative to the particle to move
in a single direction far from the particle, we can solve this integral and arrive at Stokes’s law.
Firqg = 6murVy (2.31)

The particle has a radius r, and the relative velocity of the fluid at a large distance from the center
of the particle is given as V. If we cannot assume a small Reynolds number, we can describe the
drag force with the drag coefficient C; [42].

1
Fdrag = EmedAlvoolﬁ (2.32)
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The cross-sectional area is given as A, and the direction of the fluid with respect to the particle is
given as v. The drag coefficient can be experimentally found and differs at different Reynolds numbers.
At small Reynolds numbers, the drag forces from the drag coefficient and Stokes law are the same for
spherical particles. A rotational drag due to a spherical particle rotating with angular velocity w can be
found that is similar to the linear drag, including a formulation of the drag torque on a spherical particle
at large Reynolds numbers using a rotational drag coefficient C; [44][45].

Tarag = 8rur?|w|d Remo0 Tarag = P> Cr|w]?é (2.33)

Electrophoresis

When we put a charged particle inside an electrical field at low frequencies (i.e., <10 Hz) in a
vacuum, it feels a force due to the electromagnetic interaction, also known as Coulomb’s law. When
the particle is positively charged with charge g, the force is in the same direction as the electrical field
[12].
When a charged particle is submerged in a dielectric medium and subject to an electrical field, similar
to the OET, a double boundary layer appears around the charged particle. These layers, also shown
in Figure 2.12, form due to the ions of the medium being attracted to the particle’s charge. The outside
layer is called the slipping plane. The electromagnetic interaction at the slipping plane moves the
particle depending on the {-potential [46] [47].

_|Vepl 26,6

He = g1 = 3 4/ 6) (2.35)

The electrophoretic mobility 1, couples the electrophoretic particle velocity Vzp to the {-potential and
to the Henry coefficient f («xr), which depends on the Debye length «.
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Figure 2.12: The electric double layer around a submerged negatively charged particle. The surface charge decreases with
radial distance. At the Stern layer, the potential is the Stern potential. At the slipping plane, the potential is the {-potential [48].

2.4.2. Forces on the medium

The particle is directly subject to forces due to the electromagnetic and fluid phenomena in the OET
setup. The dielectric medium itself is also subject to forces from these phenomena. The dynamics of
the fluid directly create the dynamics of the particle as described by the drag force.
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Light-actuated AC electroosmosis

Similar to electrophoresis, the charges created at the electrodes of the OET move due to electro-
magnetic phenomena. At the slipping plane of the electrodes, the ions move towards the illuminated
spot, for it has a bigger surface potential. This induced flow is called light-actuated AC electroosmosis
(LACE) [49]. Figure 2.13 shows a schematic of the LACE flow. The LACE depends on the {-potential
of the electrodes and moves the fluid with velocity V, 4.z to the tangential component to the electrode
of the non-uniform electrical field E, .

€€

Viace = E, (2.36)

m
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ITO Glass
Nonuniform
electric field

ITO Glass

Figure 2.13: The fluid has a certain slip velocity due to the light-induced AC electroosmosis [49].

Because the LACE depends on the AC field, the effect changes at different frequencies. The optimal
frequency f,,; relies on the conductivity of the medium a,,, the thickness of the double layer 1,4, and
the height of the medium L [50].

O-mﬂ-d

el (2.37)

fopt =

Electrothermal flow
The conductivity of the medium heats the fluid when subject to an electrical field. This can be found
from the internal energy of the fluid at steady state with a small Peclet number [51] [52].

dT )
pmp | 7o + (V- VT | = kV?T + 0, [E|
c,V (2.38)

me” VT = V2T 4 6, |E| = 0

_
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The specific heat and the thermal conductivity of the fluid are given as ¢, and k. We can solve
this equation by linearizing the electrical field and assuming incompressibility; we can derive the elec-
trothermal (ACET) body force depending on the frequency of the applied electrical field. We can also
find a cross-over frequency that switches the sign of the ET body force [53].

£.) = iR mOm__\ 1 _k WT-E)E*| - LE2|e k.VT
(ET>_2 e iwem+am (e o') 4| |€me

1 dom (2.39)
om | o G
~ m
fET,cross—over ~ 21T6m |i(af_m)|
aT

k. and k, are empirically found constants that relate the change in ¢,, and g, to the change in tem-
perature [54].

Ve = ke VT Vo, = kyop VT (2.40)

Thermal flow

A temperature change in the fluid influences its density. This induces natural convection inside the
fluid, which can be described by a temperature-dependent version of the buoyancy force [55].

(2.41)

2.4.3. Situational forces

When a particle is stationary at the bottom of the chip, it could be adhered, making it difficult to move.
The friction or adhesion from the surface interaction between the boundaries of the chip and the di-
electric particle can be modeled as a step-like situational force depending on the particle’s velocity.
The surface adhesion can be prevented by creating an antifouling layer on the photoconductive layer.
Bovine serum albumin (BSA) and polyethylene glycol (PEG) can be used to reduce the adhered parti-
cles to up to 90% [56]. Another way to reduce the adhesion is by putting 0.05% Tween-20 in a medium
of deionized water [16].

2.4.4. State space

The full dynamics of the particle can be found by putting together all the forces directly influencing the
dielectric particle. The same can be done with the forces working on the fluid, which affect the dynamics
of the dielectric particle through the drag force. Temperature influences the dynamics of the fluid. The
states that we are interested in in the system are, therefore, the dynamics of the center of mass of the
particle x and the dynamics of the rotation of the particle’s center of mass 6,,6,,,. Other states are the
dynamics of the velocity V,,,, and angular velocity w,,®,, of the fluid. The last state of interest is the
dynamics of the temperature of the fluid T. The input states of the OET system are the optical power
P, the frequency f, and voltage V of the applied electrical signal, and optionally, externally applied heat
power P,,.. Different forces are dominant in the OET setup in different operational regimes. Figure
2.14 shows an example of these regimes.
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Figure 2.14: Regions in the frequency/optical power plot show where certain forces dominate. The particle in this systemisin a
liquid solution with a conductivity of 1 mS/m. The applied AC frequency is 100 kHz. In (a), the applied voltage is 20 Vpp. In (b),
the applied voltage is 10 Vpp [54].

2.5. Optical setup

To image and control the dielectric particle, we need to build the OET setup, which is essentially an
optical setup. This setup appends the light path so that we can magnify the microfluidic chip and
demagnify the patterned illumination used to control the dielectric particle.

2.5.1. The light microscope

The OET is a light microscope that demagnifies the illuminated pattern created by a digital micromirror
device using a 4f system. A 4f-system consists of 2 lenses separated by the sum of their focal lengths.
The total length of the optical path on the optical axis is four focal lengths long [57]. An example of
magnification by a 4f-system is shown in Figure 2.15. The magnification depends on the focal lengths
of the two used lenses.

Y2 f2
22 _ _J2 2.42
M V1 fi ( )

If we want to increase the size of a projection, i.e., % > 1, we need to have f, > f;. The negative
1
sign is due to the image being flipped after the 4f system.



22 2. Theory
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Figure 2.15: A schematic depiction of a telescope with two lenses. The left lens has a focal length f;, and the second lens has
a focal length f,. On the left side, the stick figure stands at f; distance from the first lens. This object, the stick figure, is imaged,
translated, and demagnified on the right side.

The image in the optical setup can be considered a plane. We talk about aberrations when the
optical setup distorts this plane, e.g., bends or tilts it. These aberrations reduce the quality of the
images and should be avoided as much as possible. Therefore, a microscope objective is used to
prevent aberrations while imaging the sample. To increase the quality of the images, the source light
should be as collimated as possible to ensure that the focus of the illumination is in the same focal
plane as the objective.

2.5.2. Resolution

In general, all the optical elements in the optical setup should be aligned and put at the right intermediate
distances to get a clearimage. The distance the particles can be spread out while we can still distinguish
them is called the resolution of the optical setup. The resolution is highly dependent on the numerical
aperture (NA), which is defined by the maximum angle 6,,,, the light rays can make before exiting the
lens entrance pupil and the refractive index of the medium outside of the lens n. The maximum angle
is due to Snell’s law, for which larger angles will not escape a lens anymore. Each optical element has
its own NA. The smallest NA determines the NA of the full optical system among all elements [57].

NA = nsin(BG4x) (2.43)

When light moves through an aperture, it is diffracted due to the Huygens principle. Using Fourier
optics, we can find that this diffraction results in a pattern in the image plane [58]. This pattern is called
the Airy pattern and shows how small objects can be and how close together they can be to be still able
to distinguish them [59]. This is called the lateral resolution®. The intensity pattern of a single point
through a 4f-system results in a first-order Bessel function, as shown in Figure 2.16. The first zero of
this Bessel function is found at a radius p from the pattern’s center. This radius depends on the NA of
the optical system and the wavelength A of the light source used to image the spot.

A

3This is sometimes also denoted as the spatial resolution.
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Figure 2.16: The field due to a circular aperture. This shape is called the Airy disk and consists of multiple circles. Each circle
is separated due to the minima in the Airy disk function [60].

Two spots need to be separated by at least p distance to be able to distinguish them. This is called
the Rayleigh criterion and can be seen in Figure 2.17.

(A) 2 radii separation (B) 1 radius separation (C) 0.8 disk separation (D) 0.5 disk separation
1.5 A
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0.0 1 T T T T T T T T T T T T
-2 0 2 -2 0 2 -2 0 2 -2 0 2
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Figure 2.17: The effects of separation of the Airy disks are shown. If we separate the spots with a distance of at least 1 one
radius, the spot centers can be distinguished as two separate spots. When the separation is less than a distance of 1 radius, it
is impossible to recognize individual spots anymore [61].

One also has to consider the resolution in depth, along the optical axis. This is called the depth
of focus (DoF) and depends on the NA, the refractive index of the medium n, and the wavelength of
the optical source A. This DoF can be found geometrically by finding the distance a wavefront can be
out of focus to still be able to distinguish a particle. Figure 2.18 shows the schematic depiction of this
out-of-focus wavefront. When the maximum distance W is taken to be , we can find the maximum

distance AZ at which an object can still be distinguished* [62].

4At a quarter wavelength for a monochromatic wavefront, we have sin(%) = 0, resulting in 0 amplitude.
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A
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4n (1 — 1= (NTA) )
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1 NA small
AZ < An
= 2(NA)?

The limit when NA is small is often taken in the literature [58]. The DoF goes in two directions, meaning
the total resolution in depth is 2AZ. When using a small NA, another term could be added to correct
the geometrical optical circle of confusion, which is due to aberrations from the objective lens. This
formula uses the magnification between the camera and the chip M and the smallest distance e that
can be resolved by the camera [63].

mz< ", T
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(2.46)
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Figure 2.18: A schematic depiction of a wavefront compared to an out-of-focus wavefront. The wavefronts are distanced with a
distance W as seen from the focal point of the focused wavefront [62].

2.5.3. Light source

In the optical setup, we have a choice of different light sources we can use. Important light sources are
light-emitting diodes (LED), Light Amplification by Stimulated Emission of Radiation (laser), or incan-
descent lamps. Incandescent lamps work by radiation from Joule heating [64]. They are usually not
expensive, have low power, high temperatures, and have a broad light spectrum. LEDs have a sharper
peaked spectrum and a higher optical power. The LED works by electroluminescence. Photons are
emitted from the excess energy of electrons and holes recombining in the LED [65]. The light from an
LED is not a point source, making it difficult to collimate. The divergence angle can be decreased by
placing a lens after the LED [66]. The expected beam divergence of the LED with the lens is schemat-
ically shown in Figure 2.19. The divergence angle ® depends on the size of the LED d and the lens’s
focal length f.

P _
- =tan ! (—) (2.47)
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Figure 2.19: The expected beam divergence of an LED with size d after a distance L [66]

A laser has a very sharply peaked optical spectrum. Photons are emitted in phase with one another,
thanks to the stimulated emission process, making laser beams highly coherent. The laser’s collimation
angle depends on the diameter D of the exit pupil as 6 = %. The coherence, monochromatic, and
collimation make lasers good optical sources for precise imaging [57]. The sharply peaked optical
spectrum makes lasers good optical sources for fluorescence microscopy. The difference between the
laser light and the output photons from the emission spectrum could be juxtaposed due to the Stokes
shift of the particles of interest [67]. A fluorescence microscope could be implemented in an OET to

create distinguished imaging [8].

2.5.4. Optical components
Besides light sources and lenses, there are more necessary optical elements in an OET setup. For

precise control of the focal point and the region of interest (Rol), we can use a (motorized) stage.
The patterning illumination and the particles of interest must be visible simultaneously. Therefore, the
light must return to a camera from the microfluidic chip. We can use a beam splitter to split the light
path. For fluorescence microscopes, dichroic beam splitters can filter out the emitted photons from the
laser photons. Optical elements can be put on (motorized) stages to align and calibrate them properly.
Movable mirrors can align or redirect the light path when necessary. We can use a digital micromirror
device (DMD) to create the patterns used for control. A DMD consists of multiple small mirrors that
can switch to two different sides, as shown in Figure 2.20. For example, when a circle of mirrors in
the center of the DMD is switched on, and all other mirrors are switched off, and light at a certain
angle illuminates the DMD, the circular pattern and the rest of the DMD will be directed differently. This

principle is shown in Figure 2.21.

Incoming light :‘
1

Reflected light

Array of Micromirrors o,%6,

DMD

Off O On On

DMD Chip

. . - . . . . Figure 2.21: A schematic depiction of a DMD showing the
Figure 2520' At.d":‘lllltal rr:wlcrorglgror device with a part of the on and off state. Light reflects on the DMD with 26, in the
array schematically shown [68]. on state and with —26; in the off state [69].
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Because the DMD is a grating pattern of small square mirrors, the light gets diffracted as well as
reflected. Using a highly collimated monochromatic light source could result in a diffraction pattern that
could be undesired [70]. Besides the diffraction, this also decreases the amount of photons reflected
due to the gaps between the mirrors. This results in an overall efficiency of the DMD that needs to
be considered. The created pattern and the moving particles of interest need to be imaged using a
camera if we want to be able to see and control them. The light from the objective has to return and
be magnified using a lens to use as much of the camera’s sensor as possible. The size of the camera
sensor and the number of pixels, respectively, influence the field of view (FoV) and the resolution of
the OET setup. The FoV is defined by the size of the sides® x of the sensor and the magnification M
of the 4f-system between the chip and the camera.

X
FoV = - (2.48)

Another important characteristic of the camera is the framerate. This is the speed at which images
are updated. If, e.g., the movement of the beads oscillates with a frequency of 1 Hz and the camera’s
framerate is 2 Hz, the camera’s image output does not seem to be moving. Therefore, if every move-
ment needs to be captured well using the camera, a framerate should be chosen at least the Nyquist
frequency, which is two times the highest frequency of movement that needs to be captured [71].

2.6. Instrumentation

To create the OET setup, we need to use a precise sputtering machine to create a conductive layer of
ITO on a microscope glass. The photoconductive layer can be deposited using a Plasma Enhanced
Chemical Vapor Deposition machine (PECVD). This machine uses plasma to precisely deposit a thin
film of the wanted photoconductive layer [72]. To create a complex dielectric particle, we can use the
Nanoscribe [73]. This lithography device uses two-photon polarization (2PP), where a precise laser
hardens illuminated parts in a layer of photoresist. This principle is similar to 3D printing in that it builds
up the structure in layers. Polystyrene beads with extremely precise sizes can be used for calibration
and benchmarking of the OET and are readily available from specialized manufacturers.

2.6.1. Applied signal

The system’s applied signals are the electrical and optical signals. A signal generator can create a
specifically shaped oscillating electrical signal that induces the DEP force. An oscilloscope can mea-
sure this signal to measure the input voltage. The input voltage can be amplified using a waveform
amplifier to create a stronger electrical field inside the microfluidic chip. To control the DMD, we must
send a signal with a certain frequency using a computer. This signal can be created and sent using
Python or MATLAB.

5The sides of the sensor are not always square, which means that the FoV is defined by both the sidelength and the side-width.



Methods

In the previous chapter, we explored the theoretical framework and key design considerations for con-
structing an OET system with maximum effectiveness. Since the OET is being developed from the
ground up, all relevant factors must be carefully integrated into the system design. This chapter out-
lines the experimental approach taken to translate theory into practice. It describes the design process
in detail and explains how the system’s performance was evaluated.

By benchmarking the OET’s capabilities, we not only validate the design choices but also gain a
deeper understanding of the physical mechanisms governing the system. Given that an OET setup
consists of multiple interconnected components, this experimental section is structured to reflect its
modular nature. Specifically, the chapter is divided into three main parts: the microfluidic chip, the
optical setup, and the dielectric particle. Each section provides both practical implementation details
and explains how we can benchmark the designed parts against the literature.

This work also benefited from contributions by three bachelor students who carried out their Bach-
elor’'s End Projects (BEP) on subtopics related to this thesis. Dion Jetulahi contributed to the design
and testing of the microfluidic chip [74], Mirthe Folkerts focused on the characterization of the photo-
conductive layer [75], and Rens van Elk worked on the development of the optical setup [69].

3.1. Design of the microfluidic chip

3.1.1. Dimensionality

When designing the microfluidic chip for the OET, the first step is determining its dimensionality. As
discussed, the chip must meet specific criteria, such as accommodating the dielectric particles and
allowing for effective imaging. To minimize boundary effects and prevent particle blockage within the
channel, its length and width are set to be at least ten times the size of the dielectric particles. Different
designs have been tried for the microfluidic chip, iterating towards a final design. The first iteration
is shown schematically in Figure 3.1.a where the channel was designed for a small ITO microscope
cover glass. The area of the channel is 12 mm x 5 mm = 60 mm2. The two 2 mm diameter holes are
included to add inlets for the microfluidic chip. These holes decrease the effective area of the parallel
plate capacitor. To increase the effective area, the channel was laid diagonally with respect to the ITO-
covered microscope slide, resulting in an area of 20 mm x 5 mm = 100 mm?. This design is shown
in 3.1.b. The final design using the 22 mm x 26 mm ITO cover glasses is shown in Figure 3.1.c. This
iteration removed the inlet holes to increase the effective area to 26 mm x 12 mm = 312 mm?2. The
sides of the channel that are not covered by tape are closed off by two-component epoxy glue. To get
dielectric particles inside the chip, they need to be added before closing the chip off using the glue.

27
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Figure 3.1: Different iterations for the design of the microfluidic chip. Yellow shows the double-sided tape, gray shows the silver
contact strips of the ITO-covered glass, blue shows where the microfluidic channel is positioned, and white denotes the inlets
for the channel. In (a), the first design was made to have a microfluidic channel fit on an ITO-coated microscope cover glass.
(b) depicts a design of the microfluidic channel with an increased channel area. (c) shows the third design of the microfluidic
channel without inlets to test if another design can increase the robustness.

When using bigger ITO microscope coverslips, with dimensions 26 mmx40 mm, there is more room
to create bigger and more robust microfluidic channels. Therefore, a fourth iteration for the microfluidic
chip was created and is shown in Figure 3.2.a. The increased area is 30 mm X 9 mm = 180 mm?.
Figure 3.2.b shows a cross-sectional view of the microfluidic chip. The height of the microfluidic chip is
created by double-sided yellow tape with a height of 90 um. This means that, for the final iteration, the
channel of the microfluidic chip can contain 30 mm x9 mm x 90 ym = 24.3 nL of the dielectric medium.
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Figure 3.2: Schematic dimensionalities of the microfluidic chip. (a) shows the fourth and final iteration using the bigger ITO-
covered microscope slides. (b) depicts a cross-sectional view of the microfluidic channel, which is true for all iterations that
include the ITO-covered glasses and the photoconductive layer.

Figure 3.3 shows the realized iterations before the final design. In Figure 3.3.a, an initial chip
was created on a normal microscope slide with a normal microscope coverslip to test the microfluidic
channel before working with the more expensive ITO-coated glasses. The inlets of this microfluidic
chip are created by cutting pipetting tips such that one side has a flat surface, and one side can be
attached to a syringe pump. The inlets are glued on the microfluidic chips using two-component epoxy
glue. This chip follows the design from Figure 3.1.a. The design from Figure 3.1.b is implemented in
Figure 3.3.b, 3.3.c, 3.3.d, and in Figure 3.3.e.
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In Figure 3.3.c, a third chip was created to make a microfluidic chip using two ITO-coated coverslips
with No 1.5 thickness, i.e., 170 um, without the photoconductive layer to avoid spilling useful coated
chips. After this was successful, a fourth chip iteration was created, as shown in Figure 3.3.d. These
chips were operational for OET, although very fragile. When putting just a bit too much pressure while
attaching conductive wires to the electrodes on the chips, the chips often break, making them useless
for OET purposes. Therefore, a new design was tried using ITO-covered microscope slides that were
1.1 mm thick to increase the robustness of the microfluidic chip. This design is shown in Figure 3.3.e.
Iteration 3 from Figure 3.1.c without the inlets are shown in Figure 3.3.e.

(a)

Figure 3.3: Different iterations for the design of the microfluidic chip. (a) shows the microfluidic chip without ITO-covered glass
with the parallel channel design from Figure 3.1.a. (b) shows the second channel design from 3.1.b without the ITO-covered
glass. (c) is the third realization with ITO-covered glass. (d) shows the first operational OET chip with the ITO-covered glass and
the photoconductive layer. (e) shows the operational OET chip with a more robust bottom ITO glass.

The design from Figure 3.1.c is realized in Figure 3.4.a. Figure 3.4.b shows the final chip design.
The chip is placed in a specialized chip holder to connect two wires to the microfluidic chip.

(b)

Figure 3.4: The final realizations of the microfluidic chip. (a) shows the chip from the design shown in Figure 3.1.c. The final
design of the microfluidic chip with a 3D-printed chip holder is shown in (b). This chips fits the design from Figure 3.2.a.

3.1.2. Transmitting electrodes

As already mentioned, the transmittive electrodes are created by covering microscope glass with ITO.
As shown in Figure 2.4 and Figure 2.5, the resistance and the transmittance seem to depend on the
thickness of the ITO layer. Ideally, we want glass that transmits as much as possible to let as much
light through as possible to create the virtual electrodes in the photoconductive layer. On the other
hand, we want a resistance that is as low as possible to have the electrical field in the chip be as strong
as possible. This can be derived from equation 2.17. When R, is small, the part in the denominator
becomes smaller, making the E larger. Therefore, we want to find a tradeoff between the ITO glasses’
resistance and transmittance.
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We will use the ITO glasses from Diamond Coatings Ltd, which specializes in transparent elec-
trodes. They sell ITO glass with resistances of 8-12 Ohms, 15-30 Ohms, and 70-100 Ohms. The
transmittance of all three types of different resistances was measured using the setup shown schemat-
ically in Figure 3.5 and pictured in Figure 3.6. When assuming no absorption of the ITO glass, the
resulting reflectance is given by I. = I, — I;. We can find the ITO glass from Diamond Coating Ltd that
is most suitable for the OET microfluidic chip by trying different wavelengths.

Optical
power meter

- Sample

Figure 3.5: A schematic depiction of an experimental setup to measure the transmittance of a sample using a light source with
a certain frequency. The initial optical intensity from the light source I, partially passes through the sample, resulting in the
transmitted intensity I;. The intensity can be measured using an optical power meter.

The LED light source was collimated as well as possible using an AC254-035-A-ML Thorlabs lens
with a focal length of 35 mm. This light beam was demagnified using an AC254-200-A-ML Thorlabs

lens with a focal length of 200 mm and an RMS4X Olympus objective with a focal length of 45 mm. This
45

results in a theoretical magnification of M = ~%00 & —0.225. The intensity of the light was measured
by a PM130D Thorlabs optical power meter. By putting the sensor first in front of the sample and then
just after the sample, we can find how much light is transmitted through the ITO glass sample. Three
different light sources were used in this experiment. The blue LED M470L3-C1 from Thorlabs with a
nominal wavelength of 470 nm, a red laser CPS635R from Thorlabs with a nominal wavelength of 635
nm, and a candescent light source QTH10/M from Thorlabs was used in combination with a 2 inch Red
Optical Cast Plastic Filter from Edmund Optics, resulting in an expected wavelength of 700 nm. The
true wavelengths of the light sources are verified using a CCS200/M Thorlabs compact spectrometer.

B

Figure 3.6: A top view of the experimental setup to measure the transmittance and reflectance of different ITO glasses. (1)
shows the LED, (2) and (3) show lenses to create a demagnified illumination spot on the optical power meter. (4) is the sample
in the sample holder, and (5) is the optical power meter.

To measure the resistance of the ITO glasses, a TENMA 72-7780 multimeter was used. To create a
clean microfluidic chip, we must ensure the ITO glasses we want to use are clean. This can be done by
rinsing the glass carefully with acetone and isopropanol. Using a SHE-UT8031-EUK ultrasonic cleaner
at 40 kHz for 3 minutes after each rinsing process has also been tested, but, in some cases, this
resulted in a broken chip or partially removed ITO layer. Therefore, most glasses used were carefully
taken out of the package with gloves to avoid making them dirty in the first place.
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3.1.3. Photoconductive layer

To create virtual electrodes in the OET microfluidic chip, we must put a photoconductive layer on one
of the ITO-covered glasses. Because the DEP force is the strongest close to the virtual electrodes, and
because the particles sink to the bottom of the chip due to gravity, we decided to place the photocon-
ductive layer on the bottom of the microfluidic chip. The material chosen for the photoconductive layer
is hydrogenated amorphous silicon, a-Si:H, which has been deposited at the Else Kooi Laboratory at
the TU Delft. This was done using a PECVD with the substrate temperature at 180 °C, the process
pressure at 0.7 mbar, and an RF source at 13.56 MHz with a power density of 20 mW/cm?. The PECVD
was done with no dilution of the gas flow. The deposited photoconductive layer is 1 um thick, which
takes 100 minutes to deposit using the PECVD. The absorbed light inside the a-Si:H creates free elec-
trons, resulting in a certain photoconductivity.

To select the light source for the OET setup, we must know which light is absorbed best to create
the strongest virtual electrodes. To calculate the absorption of the photoconductive layer, we use an
experimental setup as shown in Figure 3.7. This setup is similar to the setup from Figure 3.5, however,
the main difference is the 50/50 beam splitter before the sample. The light reflected from the ITO glass
and the a-Si:H returns to the beam spilitter, after which 50% is sent to the second optical power meter.
This way, the reflected intensity and the transmitted intensity can be measured. Using these intensities,
we can derive the absorbed intensity as I, = I, — I; — I,.. Using the Lambert-Beer law from equation
2.20.

Iy=1y— I — I, = I e~ W%

= (lo — Irro0)e

-1 Ip—1; —1
a(d) = 71n<u>

IO —IrITO

—a()x
(3.1)

The thickness x is 1 um. The transmitted intensity of the ITO glass I, ;1 is experimentally derived
from the experiment in Figure 3.5.
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Figure 3.7: A schematic depiction of an experimental setup to measure the transmittance and reflectance of a sample using a
light source with a certain frequency. The initial optical intensity from the light source I, is decreased by 50% due to the 50-50
beamsplitter. The remaining intensity partially passes through the sample, resulting in the transmitted intensity I;, depicted in
robin’s egg blue, and the reflected intensity I,., depicted in dark red. Both intensities can be measured using an optical power
meter. The fractions displayed in the light beams are due to passing the beam splitter.
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The realization of the experimental setup described in Figure 3.7 is shown in Figure 3.8. Because
there was only one optical power meter, the transmitted and reflected intensities were measured sep-
arately. The 50/50 beam splitter is a CCM1-BS013/M from Thorlabs. The sample consists of a single
ITO glass with a 1 um layer of a-Si:H. The glass side is pointed towards the light source so that the
reflected light does not traverse the a-Si:H twice. The rest of the setup uses the same components as
in the experiment of Figure 3.5.

Figure 3.8: A top view of the experimental setup to measure the absorption of the photoconductive a-Si:H layer. (1) shows the
LED whose illumination is demagnified using the lenses in (2) and (3). The beamsplitter is shown by (4). The sample is located
at (5), and the optical power meter measures the light at (6).

3.1.4. Electrical properties

The dielectric medium inside the microfluidic chip determines the DEP force directly by its real permit-
tivity and contributes to the CM-factor with its complex permittivity, as can be seen in equation 2.13.
The dielectric medium can also determine how well the particles move due to Stokes’ law from equation
2.31. As already described in section 2.2.1, deionized water is often used as the dielectric medium. We
use deionized water from an Ultra Puur Water LWTN Genie Purist type 1 machine from Laboratorium
Water Technologie Nederland with a resistivity of 18.2 MOhm-m and a relative permittivity of 78.

The particle adhesion in the microfluidic chip can be reduced by adding a layer of PEG on the a-
Si:H. This is what we will try as well. Another way to reduce the adhesion is by adding a percentage
of Tween-20 to the dielectric medium, which is also a type of PEG. The conductivity of pure Tween-
20 is 50 pS/cm [76]. We will measure the conductivity of the microfluidic medium by measuring the
resistance over a certain distance and comparing it to the known conductivity of deionized water. The
resistivity is given by the resistance times the cross-sectional area divided by the distance between the
probes, making it have the unit Ohm-m. However, due to the fact that electric current will move from
one probe to the other, traversing the full volume of the liquid, estimating the correct cross-sectional
area is difficult. Therefore, because we know the true conductivity, calculated by the Ultra Puur Water
LWTN Genie Purist type 1 [77], we can find a factor F at a certain distance between the wires in the fluid,
such that we can relate the measured resistance of the fluid to the known resistivity of the deionized
water. The conductivity is the inverse of the resistivity. The resistance was measured by the Keysight
34465A 6.5 Digit Multimeter Truevolt.

Ryz0,measured = FPH20,true

_ Rmedium,measured _ Rmedium,measured (3-2)
pmedium,true - F - R pHZO,true
H20,measured
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Figure 3.9: An experimental setup to measure the relative conductivity of a fluid.

The permittivity of the medium determines the strength of the electrical field in the capacitance, as
can be seen in equation 2.17. The capacitance of the chip is determined by the mixture of dielectric
material, such as the tape and the photoconductive layer [78]. The permittivity of the tape, the photo-
conductive layer, the medium, and all dimensions give the capacitance of the fully combined chip.

1 1 1

Cfull Cpl Ctape + Cmedium

Achi
— p
Cpl - Epleo d :
14
(3.3)
_ Achip - Achannel
Ctape - Etapeeo d
tape

Achannel - 2Ahole

Cnedium = €medium€o d
tape

The area of the full chip is given by Agp;, = 40 mm x 20 mm = 8 x 107* m?. The area of the
channel is given by Acpanner = 30 mm x 9 mm = 27 = 1075 m2. The area of the tape is given by
Atape = Achip — Achannet = 8 * 107* m? — 27 + 107> m? = 53 « 107> m?. The area of the medium
is given by Apeqivm = Achannel — 2Anote = 27 * 1075 m? — 2m * (1.5 mm)? = 25.59 * 107> m2. The
relative permittivities of the photoconductive layer, the tape, and the medium are respectively given by
€pls €taper AN Epeqiym- The permittivity of a vacuum is given by €, = 8.854+ 107 F/m. The thickness
of the photoconductive layer and the tape are given as d,,; = 1 ym and d;4p = 90 um.
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To find the capacitance of the double-sided tape, we made two chips from 2 ITO-covered mi-
croscope coverglasses sandwiching a layer of tape. The relative permittivity of the tape is given as

A . .
€tape = _fmeasured®0 The grea can be more exactly calculated using ImageJ [79]. The capacitance

dtape Cmeasured

can be measured using the same Keysight 34465A 6.5 Digit Multimeter Truevolt as was used for mea-
suring the resistance of the fluid. The multimeter calculates the capacitance by measuring the change
in voltage (DV) that occurs over a short time. It measures the change in voltage at two different times,
and then fits an exponential to calculate the capacitance. Therefore, the capacitance is measured inde-
pendently of frequency [80]. Using the found relative permittivity of the double-sided tape, the relative
permittivity of the photoconductive layer can be measured using a chip with 2 ITO coverglasses sand-
wiching a photoconductive layer and a layer of tape. The relative permittivity of the photoconductive

€0Ameasured _ dtape

-1
layer is given as €, = dpl( B ; - ) . The expected relative permittivities are 78 for the
measure tape

deionized water and for the mix of deionized water and Tween-20, between 2.8 and 4.5 for the double
sided tape and between 11 and 12 for a-Si:H [81].

When using different materials, we need to account for electrolysis in the chip. Therefore, we need
to find the upper and lower limits of frequencies at certain voltages for different chips to establish a safe
frequency window with varying types of dielectric media. This can be done by finding the threshold
frequency at which bubbles start to form at different applied voltages.

3.1.5. Robust design

To ensure the constant realization and robustness of the microfluidic chip, we created some 3D printed
tools to help out with the fabrication process. These tools also went through multiple optimization
iterations. One of the problems in fabricating the OET chip was applying the wires to the contact strips
on the ITO glass. When trying to tape it on, the pressure applied cracked the glass, or when not enough
pressure was applied, the wires did not stick. Silver glue 9410 from MG Chemical was used to try to
get the wires to stick to the contact strips. It was not possible to harden the glue since it requires curing
at high temperatures (= 90°C) which would have damaged the chip [82]. An easy solution was found
in the chip holder, of which the 3D model is shown in Figure 3.10.

Lou

Figure 3.10: Four iterations of the chip holder for fabricating constant spaced chips. (a) shows version 1 of the iteration, which
was used to test the dimensions of the chip. (b) shows iteration 4 of the chip holder. It includes a deeper cut for the microfluidic
chip to be positioned in. The small cavities on the top right and bottom right are for electronic wires to be applied. (c) shows
iteration 5 of the chip holder with small grips for eventual storage possibilities. (d) shows the final chip holder design, including
a small space to put on a label.
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Version 1, shown in Figure 3.10.a was created to get a good grasp of the initial dimensions. The
rectangular piece on the right is covered by conductive tape on which the top ITO glass electrode lies.
The next three versions added a deeper slot for the chip to lie in and added two wire holders to attach
electrical components to the microfluidic chip safely. Versions 2,3, and 4 look very similar but differ in
the depth of the chip hole. This was done to fine-tune the height at which the top glass electrodes lie
on the chip holder. Version 4 is shown in Figure 3.10.b. A new version was designed to create the
possibility of storing the chips. This version 5 can be seen in Figure 3.10.c. The final version, version
6, of the chip holder adds a small patch to put on a label. This way, the chips can be distinguished from
each other. The final version is shown in Figure 3.10.d.

Cutting the double-sided tape is not easy. We cannot cut the tape directly on the roll, for it can cut
through other layers of tape as well. A solution to cut the microfluidic chip is to stretch the double-sided
tape and cut the channel in the air. This resulted in many differently shaped and many non-functional
microfluidic channels. To make a more robust channel design, we created a 3D printed OET "cookie-
cutter”. A piece of double-sided tape can be applied to this template. Using a sharp knife, the hole in
the template can be outlined to cut out a consistent channel. This channel cutter is shown in Figure
3.11. The second version of this cutter is shown in Figure 3.11.c and differs from the first version by
decreasing the surface area of the tape and by making it possible to cut over the small patches between
the outer ring and the inner piece.
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Figure 3.11: Two iterations of the channel cutter for cutting constantly sized microfluidic chambers. (a) shows the front view of
both iterations. (b) shows the back side of the first iteration, which has a flat surface. (c) shows the back side of the second
iteration, which has less surface area to make the tape easier to remove.

To make sure each chip fits well in the chip holder, we need to make sure that the channel in
each chip is aligned properly. This is done by a 3D printed alignment tool !, as shown in Figure 3.12.
This alignment tool fits over the big microscope slide and leaves a hole the same size as the cut-out
double-sided tape. The second version, shown in Figure 3.12.b adds the possibility to also align the
ITO coverglass by removing the middle lower part. The diagonal lines are added to compensate for
the loss in strength.

"There is no spelling check in SolidWorks.
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(a)

(b)

Figure 3.12: Two iterations of the alignment tool. (a) shows the front view of the initial design. (b) shows the front view of the
second iteration, which makes it possible to be left on the big ITO microscope slide when putting on the ITO coverglass.

The 3D parts were designed in SolidWorks and 3D printed with PLA using a Bambu lab X1-Carbon
3D printer. The 3D printed versions of the chip holder are shown in Figure 3.13. The 3D printed versions
of the channel cutter are shown in Figure 3.14. The 3D printed versions of the alignment tool are shown
in Figure 3.15.

N

1

Figure 3.13: The 3D printed chip holders. Each design fits a 25mm by 75mm ITO microscope slide inside. (a) shows version 1.
(b) shows version 2. (c) shows version 3. (d) shows version 4. (e) shows version 5. (f) shows version 6.

Figure 3.14: The 3D printed channel cutters. (a) shows the front side of version 1. (b) shows the back side of version 1. (c)
shows the back side of version 2.
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Figure 3.15: The 3D printed alignment tools that fit a 25mm by 75mm ITO microscope slide. (a) shows version 1. (b) shows
version 2.

To assemble a full OET chip, the ITO glasses first need to be cleaned properly. After this, the a-Si:H
layer has to be deposited on the ITO microscope slide using the PECVD machine. Using the 3D printed
channel cutter, a channel must be cut from the double-sided tape. This channel must be applied to the
photoconductive layer using the 3D printed alignment tool. The ITO coverglass with the laser cut holes
needs to be put on this tape with its silver contact strips facing the photoconductive layer. On the holes,
the small pipette inlets need to be carefully glued on using the two-component epoxy glue. Be careful
not to get glue inside the microfluidic chip. After hardening, the microfluidic chip can be placed into the
3D printed chip holder. A small piece of conductive tape needs to be applied to this chip holder so that
it touches the contact strips of the ITO coverglass. Two wires need to be put inside the holes of the
chip holder such that one wire touches the conductive tape and one wire touches the contact strip of
the big ITO microscope slide. The fully assembled chip can be seen in Figure 3.4.b.

3.2. Design of the optical setup

The optical setup had multiple iterations before the final design, just as the microfluidic chip did. The
optical setup was first created to try to incorporate a DMD in a simple microscope. This setup is shown
schematically in Figure 3.16. The light from the LED is collimated using lens L1 before it illuminates the
DMD. The mirrors that are selected to be in the on-state reflect the image through lens L2. Two mirrors,
M1 and M2, move the light path up such that the microfluidic chip can be illuminated from above. The
light is partly reflected due to the beamsplitter BS. The objective collimates the light, demagnifies the
light, and illuminates the microfluidic chip due to the 4f-system of L2 and the objective. The light returns
from the microfluidic chip to the objective, which is then partly passed through the beamsplitter BS. The
transmitted light is collimated by lens L3, which magnifies the light and illuminates the camera sensor.
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Figure 3.16: The first iteration of the optical setup design. The light originates from the LED and is collimated by lens L1. After
the DMD partly reflects it, it passes through lens L2, two mirrors M1 and M2, a beamsplitter BS, and through the objective on
the OET chip. After illumination, it returns inside the objective and the beamsplitter to enter lens L3 to image in the sensor of the
camera.
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The second iteration illuminates the chip from below and is shown in Figure 3.17. The light passes
lens L2 similarly to the setup from Figure 3.16. The light is directly reflected by the beamsplitter BS and
illuminated on the microfluidic chip using the objective. In the imaging path, the light passes the objec-
tive, the beamsplitter BS, the mirror M1, and the lens L3 before illuminating the camera sensor. This
iteration removed one optical element, making it more efficient. This improved iteration also includes
a manual moving stage for the chipholder to get particles in focus.
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Figure 3.17: The second iteration of the optical setup design. The light originates from the LED and is collimated by lens L1.
After the DMD partly reflects it, it passes through lens L2, a beamsplitter BS, and through the objective on the OET chip. After
illumination, it returns inside the objective, and the beamsplitter is reflected by mirror M1 to enter lens L3 to image in the sensor
of the camera.

The third iteration, as shown in Figure 3.18, adds a lamp for imaging the microfluidic chip and a
filter before the camera to decrease the intensity on the sensor to avoid saturation. In the previous
iterations, the only sources of light on the chip were the illuminated pattern from the LED and the
environmental light. The second was found to be weak compared to the illuminated pattern, making it
hard to image the particles in the microfluidic chip. Therefore, the third iteration incorporates a lamp
above the microfluidic chip and a neutral density filter before the camera.
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Figure 3.18: The third iteration of the optical setup design. The light originates from the LED and is collimated by lens L1. After
the DMD partly reflects it, it passes through lens L2, a mirror M1, a beamsplitter BS, and through the objective on the OET chip.
After illumination, it returns inside the objective together with light from the lamp to pass the beamsplitter and be reflected by
mirror M2 to enter lens L3 to image in the sensor of the camera after being filtered by neutral density filter F.

Because the lamp has a broad spectrum, unwanted virtual electrodes could be created in the pho-
toconductive layer. The photoconductive layer increases in photoconductivity more towards the UV
wavelengths than the IR wavelengths. The unwanted virtual electrodes can therefore be avoided by
making the lamp have a spectrum with a cut-off at higher energies than red light, which is done by
putting a red filter on the lamp. The ND filter was removed to capture clearer images. These changes
are incorporated in the fourth iteration, as shown in Figure 3.19.
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Figure 3.19: The fourth iteration of the optical setup design. The light originates from the LED and is collimated by lens L1. After
the DMD partly reflects it, it passes through lens L2, a mirror M1, a beamsplitter BS, and the objective on the OET chip. After
illumination, it returns inside the objective together with the red light from the lamp to pass the beamsplitter and be reflected by
mirror M2 to enter lens L3 to image in the sensor of the camera.

The final iteration is shown in Figure 3.20. Two mirrors, M1 and M2, are added after collimation
lens L1 to align the LED light correctly on the DMD. Because the DMD needs to be aligned at a specific
angle while the micromirrors are oriented at a different specific angle, this alignment tool helps us find
the correct angles. Besides the alignment mirrors between the LED and the DMD, the DMD is also
placed on two translation stages to align it properly. Because the DMD is rotated, the camera is also
rotated to get an image aligned with the illumination from the DMD.
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Figure 3.20: The final iteration of the optical setup design. The light originates from the LED and is collimated by lens L1. The
lens L1 and the DMD are aligned by mirrors M1 and M2. After the DMD partly reflects it, it passes through lens L2, a mirror M1,
a beamsplitter BS, and the objective on the OET chip. After illumination, it returns inside the objective together with the red light
from the lamp to pass the beamsplitter and be reflected by mirror M2 to enter lens L3 to image in the sensor of the camera.

The realizations of the optical setups can be seen in Figure 3.21, 3.22, 3.23, and Figure 3.24. The
mirrors in the optical setup are all Thorlabs BBE1-E02 in the mirror cage Thorlabs KCB1EC/M. The
beamsplitter used in all setups is the 50/50 beamsplitter Thorlabs CCM1-BS013/M. The objective used
for this setup is the Olympus RMS4X. The DMD is the V-9501 from Vialux. The camera used for
imaging is the IDS Imaging U3-3070CP-M-GL. The ND filter used in the third iteration is the NE10A
from Thorlabs. The lamp from iteration 3 is the Thorlabs QTH10/M. The red filter on the lamp from
iteration 4 is the Edmund Optics red 2-inch Plastic Color Filter. The LEDs used in the optical setup are
all housed in the Thorlabs M470L3-C1 LED housing. Because this LED burned out, the LED inside
was first replaced by the Star-BL475-03-00-00 from Conrad and later by the Thorlabs M455D3. The
light power from the LED is controlled by the LEDD1B from Thorlabs. All the mechanical elements,
such as cage systems, moveable stages, optical tables, lens holders, and irises, are from Thorlabs.
The lenses used in each iteration, besides the objective lens, are shown in Table 3.1.
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L1 L2 L3
Iteration 1 | Thorlabs AC254-050-A-ML  Thorlabs AC254-200-A-ML  Thorlabs AC254-100-A-ML
Iteration 2 | Thorlabs AC254-050-A-ML  Thorlabs AC254-300-A-ML  Thorlabs AC254-200-A-ML
Iteration 3 | Thorlabs AC254-050-A-ML  Thorlabs AC254-300-A-ML  Thorlabs AC254-200-A-ML
Iteration 4 | Thorlabs AC254-050-A-ML  Thorlabs AC254-300-A-ML  Thorlabs AC254-200-A-ML
Iteration 5 | Thorlabs AC254-035-A-ML  Thorlabs AC254-300-A-ML  Thorlabs AC254-200-A-ML

Table 3.1: The lenses used in the five optical setup iterations.

Figure 3.21: The realization of the first iteration of the optical setup. (1) shows the LED with the collimation lens L1, and (2)
shows the DMD. (3) shows lens L2. (4) and (5) are the mirrors M1 and M2. (6) is the beamsplitter. (7) shows the objective and
the OET chip holder. (8) and (9) are the lens L3 and the camera. (a) shows the side view of the microscope. The camera on top
is opposite to the chip, which is imaged using the objective pointing down. (b) shows a top view of the microscope where the
DMD is well visible.

Figure 3.22: The realization of the second iteration of the optical setup. (1) shows the LED with the collimation lens L1, and (2)
shows the DMD. (3) shows lens L2. (4) is the beamsplitter. (5) shows the objective and the OET chip holder. (6) shows the
mirror M1 and the lens L3. (7) shows the camera. (a) shows a back view of the microscope. The microscope has two stages.
The top stage has a platform on which the chip holder can be placed. The chip is illuminated from below. (b) shows a front view
of the microscope.
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Figure 3.23: The realization of the third and fourth iterations of the optical setup. In terms of looks, the third and fourth iterations
only differ by the filters. (1) shows the LED with the collimation lens L1, and (2) shows the DMD. (3) shows lens L2. (4) is the
beamsplitter. (5) shows the objective and the OET chip holder, and (6) shows the lamp. (7) shows the mirror M1 and the lens
L3, and (8) shows the camera with the neutral density filter. (a) shows a back view of the microscope. The lamp illuminates the
microfluidic chip from above. The black aluminum foil is to block the stray light from the DMD. (b) shows the front view of the
microscope.

Figure 3.24: The realization of the final iteration of the optical setup. (1) shows the LED with the collimation lens L1, and (2)
shows the alignment mirrors M1 and M2. (3) shows the DMD, which reflects the unwanted illumination on a black aluminum
plate. (4) shows the beamsplitter BS, of which the stray light is blocked using tape. (5) shows the objective, the stage, and the
microfluidic chip. (6) shows the lamp that illuminates the chip using red filtered light. (7) shows the mirror M4 with the lens L3
that focuses the light on the camera sensor. This camera is shown in (8). To store the dielectric media and the dielectric particles
safely, a 3D-printed tube holder was designed, which is shown in (9). (a) shows a front view of the microscope, (b) shows the
top view of the microscope, and (c) shows the back view of the microscope.

3.2.1. lllumination source

As has already been shown, two light sources are needed in this optical setup. The most important one
is the illumination source for the patterning on the OET chip. Because a laser induces a lot of diffrac-
tion at the DMD, we need to choose a different light source. Since LEDs also have a sharply peaked
nominal wavelength and a relatively high optical power, they make for a good patterning light source.
Because we expect the a-Si:H to have a higher conductivity at a smaller wavelength, we choose a blue
LED. Initially, we used a Thorlabs M470L3-C1 with a nominal wavelength of 470 nm and a total beam
power of 350 mW. In the final iteration, we first swapped the LED for the Roschwege HighPower LED
Koningsblauw with a wavelength of 480 nm and a total beam power of 340 mW. Later, we replaced
this LED with the Thorlabs M455D3 with a nominal wavelength of 455 nm and a total beam power of
1150 mW. The first LED was used for the absorption measurement of the photoconductive layer. The
other two LEDs were used to calculate the efficiency of the optical setup.
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To create a clear image, we added a candescent light source in iteration 3 with an additional red
plastic filter in iteration 4. This red light source was used unfocused on the OET chip to illuminate
the whole chip while inducing as little photoconductivity as possible. This red lamp was used for the
absorption measurement of the photoconductive layer.

A collimated red laser, the Thorlabs CPS635R, with a wavelength of 635 nm and a total beam power
of 1.2 mW, was used to align the optical setup and measure the absorption of the photoconductive
layer. The spectra of the light sources were all measured using the Thorlabs CCS200/M Compact
Spectrometer. The measured spectra can be found in Appendix A.1

3.2.2. Characterization of the optical setup

In the optical setup, we characterize five different metrics. The magnification, the field of view, the lateral
resolution, the depth of focus, and the optical efficiency. The magnification of a 4f-system can be easily
calculated using equation 2.42 for each combination of lenses. The objective used in all setups has
a focal length of 45 mm. The theoretically derived magnifications of the optical setup iterations are
shown in Table 3.2.

MDMD—»ChL'p MChip—»Camera MDMD—»Camera
lteration 1 | M = —45/200 = —0.225 M = —-100/45 =—-2.22 M = —-0.225%X —4.44=0.5

Iteration 2 | M = —45/300 = —0.15 M =-200/45=—-444 M = —0.15%X —4.44 = 0.67
Iteration 3 | M = —45/300 = —0.15 M =-200/45=—-444 M = —-0.15%x —4.44 =0.67
Iteration4 | M = —45/300 = —0.15 M =-200/45=—-444 M = —-0.15%x —4.44 = 0.67
Iteration 5 | M = —45/300 = —0.15 M = -200/45=—-444 M = -0.15%x—4.44 = 0.67

Table 3.2: The theoretical magnifications of each optical setup iteration.

Since lenses’ focal lengths commonly have small deviations from their nominal values due to the
manufacturing process, the true system magnification should be measured. This can be done by mea-
suring how many pixels it takes on the camera sensor to image a polystyrene bead of a known size.
This gives the true magnification using the number of pixels used for the bead N.qpm pix, the size of a
camera pixel d¢gm pix, and the size of the bead dpeqq-

N, ixd i
MChip—»Camera — cam,zlx cam,pix (34)
bead
The true magnification of the DMD to the chip must be calculated in parts. We can measure the
magnification of a DMD pixel to a camera pixel. This gives the true magnification using the number of

pixels used by the DMD Npp pix @and the size of a DMD pixel dpyp pix-

N ixd i
Mpmp-camera = Ncam,pl.xdcam,pl.x (3.5)
DMD,pixADMD,pix
Using the found magnification from the DMD to the camera and the magnification from the chip to

the camera, we can calculate the magnification from the DMD to the chip.

MDMD—»Camera
MDMD—>Chip = —M (3.6)
Chip—Camera

The FoV is closely related to the magnification. The FoV of the chip is related to the size of the
sensor L.,,m, and the magnification from the chip to the camera M¢p;,—.camera-

Lcam

FOVChip = (37)

MChip—»Camera

The amount of the DMD pixels Npyp oy We can see using the camera is related to the calculated
FoVchip, the size of a DMD pixel dpyp pix and the magnification from the DMD to the chip Mpyp_chip-

FOVChip

(3.8)

Npmp,Fov =
’ dpmpMpmpchip
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To characterize the lateral resolution, we need to use the numerical aperture. The NA of the used
objective is equal to 0.1. This means that the maximum allowed angle in the optical setup that the light
can make with the optical axis is 5.74 °, assuming that we can use the refractive index of air, n = 1.
We can calculate the lateral resolution using equation 2.44. The lateral resolution, setting NA=0.1, is
theoretically given as p = 6.14, depending on the wavelength of the used LED.

It is not trivial to measure the resolution of the created OET microscope. Because the sample is
illuminated and imaged from below, we are observing shadows. Therefore, to get a better estimation
of the resolution, we need to add a fluorescence microscope to the setup, with fluorescent beads small
enough to be diffraction-limited. The fluorescent beads that we will use to measure the resolution are
from the TetraSpeck Fluorescent Microspheres Size Kit. This microscope slide consists of 6 different
chambers with differently sized fluorescent beads. The beads in the first chamber have a diameter of
4 pym, in the second chamber a diameter of 1 ym, and in the third chamber a diameter of 0.5 ym. If we
want to image the beads of chamber two clearly, we would need a light source with a wavelength of
164 nm, which is much smaller than the LEDs we use. We did, however, do a measurement as well on
the 0.5 ym beads to compare the results to the 1 um beads. Each chamber we investigate has beads
of a similar size but with four different fluorescent colors. The colors are called "FluoSpheres blue”,
"FluoSpheres yellow-green”, "FluoSpheres orange”, and "FluoSpheres dark red”. The excitation and
emission spectra of these colors are shown in Figure 3.25.
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Figure 3.25: The spectra of the fluorescent beads in the TetraSpeck Fluorescent Microspheres Size Kit. The data is retrieved
from the manufacturer [83].

The measurements were taken to establish the resolution of the system using the final optical setup.
The LED that we use in this setup is in the blue spectrum with an expected wavelength of 455 nm. We
can see in Figure 3.25, this wavelength sits between two excitation peaks of the TetraSpeck beads.
Even using a Brightline Basic 525/39 filter, this LED did not seem to activate the fluorescence. Using
the flashlight of a Samsung Galaxy S24, the beads emitted a signal strong enough to be captured by
the camera. This fluorescence setup is shown in Figure 3.26. The illumination is put at an angle to
avoid directly shining inside the objective to avoid saturating the camera sensor. The light used for
excitation is a white light source, meaning that it excites all types of fluorescence colors.

Figure 3.26: The fluorescence microscope setup to measure the resolution using the TestraSpeck Fluorescent Microspheres
Size Kit and white light source.
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To filter out some of the light before the camera, we use an EdgeBasic Long Wave Pass 488 filter,
which cuts off all the light with a shorter wavelength than 488 nm. This means that the emission from
the "yellow-green”, the "orange”, and the "dark red” fluorescent colors must be taken into account. Us-
ing the data from the Fluorescence SpectraViewer from ThermoFischer, we can determine the center
of mass (CoM) of the emission spectra [84]. The CoM will be located at the average wavelength for
each of the spectra. These CoMs and spectra are shown in Appendix A.2. The average wavelength
of the three spectra is found to be 597 nm. We therefore expect a lateral resolution of p = 3.64 pm.

By using Fiji?, we could select individual beads of the 4 ym, the 1 um, and the 0.5 ym beads mea-
surements to estimate the point spread function (PSF). This PSF should be a first-order Bessel function,
which we can approximate to first order with a Gaussian distribution. Therefore, we can additionally fit
a Gaussian distribution on the found PSF. In practice, the resolution can be taken from the PSF as the
full width at half maximum (FWHM). Using this method, we are also able to measure the resolution and
precision of the illumination from the DMD on the OET chip.

The DoF is similarly calculated as the lateral resolution. Because we have a small NA, we can
use the second formula from equation 2.46. Assuming again the refractive index of air, we find that
theoretically, the total resolution in depth is given as 2AZ = 1004 + —e depending on the wave-
length of the used LED. Because the magnification between the chip and the camera is calculated to
be 4.44, we can establish the smallest distance the camera is able to resolve by the lateral resolu-
tion. A diffracted limit spot has a size of p = 6.14, which is the theoretical lower limit of the smallest
resolvable distances of the camera. Using this limit, we can say that our DoF can be approximated as
2AZ = 1004 + 2.25 x 6.14 = 113.864. Using the average wavelength from the fluorescent beads, we
find that we would expect our DoF to be 2AZ = 70 um.

To measure the DoF is even less trivial than measuring the lateral resolution. Using the fluorescence
imaging method, as was done for measuring the lateral resolution, at certain distances from the focal
point on the optical axis, we can create a z-stack showing how the particles get in- and out of focus.
Due to the defocusing, the center of the particle loses intensity, which we can map in a PSF in the
z-direction®. To create images with different z distances, we will use a moving stage with a micrometric
screw. The lines on the screw allow us to move the the stage up and down with an accuracy of 10
pum. At the focus, we take 14 steps (0.14 mm) from the focus point down, and 13 steps (0.13 mm) from
the focus point up. The stacked images are first aligned using the "Linear Stack Alignment with SIFT”
plugin on Fiji. We then reslice the image with steps of 0.5 um to create a 3D profile of the image. Using
this, we can see how the intensity at a single pixel changes over the distance on the optical axis. An
example of this is shown in Figure 3.27.
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Figure 3.27: An example of using reslice in Fiji. (a) shows a 1 pm diameter bead around 0.14 mm out of focus. In the lower
plot, we can see that this matches the intensity at the top of this lower plot. In the small plot to the right, this matches the left.
(b) shows the same bead but now in focus. The intensities in both smaller plots are now also at maximum. (c) shows the same

bead but 0.13 mm out of focus. This matches the lower part of the small plot below and the right part of the small plot on the
right.

2Also known as ImagedJ.
3The z-direction is the name used for the optical axis in literature.
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Again, using the FWHM of the PSF in the z-direction, we can estimate the DoF for beads that are
diffraction limited. We do these measurements again on 4 ym, 1 ym, and 0.5 pm diameter beads.
Using Fiji, we fit a Gaussian on the measured PSF. We can relate the standard deviation ¢ of this fitted
Gaussian to the FWHM [85]. This is given by FWHM = 26V21n 2.

The last metric, the optical efficiency, tells about how much light is left after passing an optical
element in the optical setup. To quantify, we will measure this efficiency at different points of the final
optical setup. We will first measure the total LED power when focused on the PM130D Thorlabs optical
power meter. The lens used for focusing is the AC254-035-A-ML from Thorlabs. The setup of this
measurement is shown in Figure 3.28. The lights in the room were turned off, except for the LED, at
all power measurements.

Figure 3.28: The blue LED focused on the optical power sensor such that the full sensor is illuminated.

After this, the light power after the alignment mirrors is measured twice. Once while focusing on
the sensor and once without focusing on the sensor. The focused measurement allows us to compare
all the efficiencies with less loss. The second measurement is more representative of the real optical
power. The setup for both these measurements is shown in Figure 3.29.

Figure 3.29: The power sensor after the alignment mirrors. (a) shows the blue light focused on the sensor so that the full sensor
is illuminated. (b) shows the sensor at the same location without the focusing lens.
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Six more measurements are done after the DMD. The first three are with the sensor in focus, as can
be seen in Figure 3.30. The first measurement of these three is with all the DMD mirrors in the on-state.
This means that the maximum power can be measured after the DMD. The second measurement is
done with the DMD having tiles of 64 x 65 pixels switched on in a checkered pattern on the DMD.
This means that half of the micromirrors are switched on and half are turned off in a relatively uniform
manner. The third measurement is done with only a single pixel in the center of the DMD turned on.
These three measurements are repeated with the sensor not focused by the lens. In addition to these
measurements, the noise was measured after the DMD without a focusing lens and without illumination
from the LED.

Figure 3.30: The power sensor placed on the optical path after the DMD and after a lens that focuses the light on the full sensor.

After the measurements were taken to calculate the efficiency of the DMD, three measurements
were made before the objective lens, with a lens focusing the blue light on the full power meter sensor.
This experimental setup is shown in Figure 3.31.a. The power is measured with the DMD fully on, with
the 64 x 64 checker pattern, and with the single switched-on mirror in the center of the DMD. Again, the
noise was measured in this setup with no light switched on. Finally, three measurements were done
with the optical power sensor placed in the same location where the microfluidic chip would be located.
This is a good representation of the real power on the photoconductive layer. This experimental setup
is shown in Figure 3.31.b. A measurement was done with the DMD fully on, with the 64 x 64 checker
pattern, and with the single switched on mirror in the center of the DMD. Additionally, the noise in this
setup was measured as well.

Figure 3.31: The optical power meter on the last part of the optical path. (a) shows the sensor placed between the objective lens
and a lens that focuses the blue light such that the full sensor is illuminated. (b) shows the optical sensor placed at the place
where the microfluidic chip would be set.
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By comparing the power before each optical path piece Py.r,-. and after each optical path piece
Pyreer» the efficiency n of this piece can be measured.

Fhfter

n ==L % 100% (3.9)

before

We expect all the achromatic doublet lenses from Thorlabs to have an efficiency of around 80%
for the blue wavelengths [86]. We expect the mirrors to have a reflectance of 99% [87]. We expect
the 50/50 beamsplitter to have an efficiency of 50% [88]. We have no information on the Vialux DMD,
but for a different DMD, from Texas Instruments, we find an estimated efficiency around 60-70% [89].
There was no information available on the objective, so we will expect its efficiency to be comparable
to that of the achromatic doublet lenses. This gives us an expected total efficiency from the LED to the
objective 1.zp->chip-

NLED->chip = ML1 X M1 X Nmz X Npmp X N2 X Nmz X Nps X Nopj
=~ 80% X 99% X 99% X 65% X 80% X 99% X 50% X 80% (3.10)

~ 16.15%

3.2.3. Optical Alignment

To obtain a sharp and clear image, it's necessary to follow a precise optical alignment protocol for each
individual element of the setup. For this, we can make use of a beamwalk. The beamwalk makes
use of an aligned red laser (Thorlabs CPS635R). To align the laser, we need to place the laser on two
movable stages and a tilt stage so that we can adjust all the degrees of freedom that define the laser
beam axis. We then place 2 SM1D12D irises from Thorlabs some distance apart after the laser using
the Thorlabs cage system. This setup is shown in Figure 3.32. If the light passes through both irises,
we know the laser is correctly aligned with the optical axis. The end of this cage system is connected
to an adapter, such that we can connect this tool to the cage system in the optical setup.

Figure 3.32: The alignment tool using the red CPS635R laser and two SM1D12D irises. The irises make sure that the laser light
passes straight through the center of the cage system. Two movable translation stages and a single tilt stage can be used to
align the laser.
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Using the aligned laser, we can first fix the lens L3 before the camera by moving the lens L3 so that
the smallest possible focal spot is formed on the camera sensor. This is the correct distance between
the sensor and the L3 Lens. To avoid damaging the camera pixels, some absorptive ND filters are
used to reduce the laser intensity. When L3 is fixed, we can put the aligned laser at the top of the
microscope, where the chip is supposed to be. When aligning this path without the objective, we can
calibrate the mirror M4. Using the beamsplitter, we can focus the light directly on a testing chip, which
we need to see in focus on the camera as well. With this, we can set the objective at the focal length,
making the 4f-system between the camera and the chip complete. By putting an iris in between M3
and L2, we align mirror M3 without the objective. We can align L2 by again creating a focus on the
chip using the objective. Still without placing the objective lens, we can align the DMD through L2 by
putting it in focus. All the mirrors of the DMD should be in the on-state to make sure that most of the
light is reflected in the right direction. By placing the center of the alignment mirror M2 in the reflected
focus from the DMD after L2, we can align M2 and M1. By turning on the LED and illuminating a certain
pattern on the chip in focus, we can align the mirrors M1 and M2. These two alignment mirrors give us
the freedom to slightly tune the focus of the optical setup. The alignment of the optical setup is made
more complex due to the DMD. The DMD needs to be at an angle of 45°around the optical axis. The
DMD also needs to be put at an angle of 12°between L2 and M2. The DMD has no built-in kinematic
mount, meaning that the sensor is fixed with the casing. Therefore, to make the alignment easier, we
put the DMD on two movable stages.

3.2.4. Other instrumentation

The OET setup not only consists of optical elements, but also needs to be able to supply an electric
signal to the microfluidic chip and to the DMD to be functional. The Agilent 3320A function generator
provides the electric signal that we apply to the chip. This function generator is coupled in series with
a Thurlby Thandar Instruments WA301 Wideband Amplifier 30V pk-pk to increase the amplitude of
the electrical signal to more than 30V peak to peak. The microfluidic chip is coupled to the amplifier in
parallel together with an Agilent DSO3202A oscilloscope. This allows us to measure the output voltage
and the signal form of the signal inside the microfluidic chip. The microfluidic chip is attached to the
amplifier and back to the function generator using simple electronic breadboard wires. The DMD is
controlled using the "ALP Demo” program to put in predefined images for quick and easy focusing.
The "EasyProj” program can be used to load single pictures easily in the DMD. For more complex
control of the DMD, Python with the ALP4 library was used on a computer with an Intel(R) Xeon(R)
CPU E5-2630 @ 2.30 GHz and 64 GB installed RAM. The image from the camera is captured in the
uEye cockpit. For control of the liquid flow in the microfluidic chip, we tried to use a NE-4002X syringe
pump, but this pumped the liquid too fast to be useful due to a syringe that was too big.

3.3. Design of the dielectric particle

After discussing the microfluidic chip and the optical setup, we come to the last part of the OET setup.
The dielectric particle that we want to control. The particles that we want to control using the OET
need to fit in the microfluidic chamber and flow in and out using the inlets. A dielectric particle often
used in literature is a polystyrene bead. Since the beads are almost perfect spheres, we are able to
use the first-order DEP force formula with good confidence. Because the setup we use is likely to be
diffraction limited around 3.64 um, we will use beads of a bigger size. In this thesis, we used beads
with a diameter of 15 um. The expected polystyrene conductivity is around 2 x 1073S/m [90] and the
relative permittivity is around 2.6 [91].
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If we want to put more complex forms of dielectric particles, we need to take into account that the
DEP force approximation will be less accurate. We will use PDMS microbots that are created by a
Nanoscribe at the Delft University of Technology and the University of Melbourne. The microbots are
heavily inspired by the microgear robots found in literature [8]. This creates the possibility to benchmark
against, and possibly improve on the state-of-the-art. The robots are designed as small gears with eight
teeth and a hole in the center. The outer diameter of the gears is 200 um. The teeth have a length
of 37.5 ym and a width of 25 ym. The hole in the circle has a diameter of 75 ym. The design for the
microgears in the literature often presents an opening formed by removing one tooth from the gear,
so that it is able to scoop up other particles. This "mouth” is designed to have an opening of 50 um.
The design of the robots is created in SolidWorks, of which a screenshot is shown in Figure 3.33. The
nominal thickness of the microbots is 50 uym.
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Figure 3.33: The design of the microgear robots. (a) shows the initial design of the microgear with all the dimensions denoted.
(b) shows the microgear design with the "mouth”.

To realize these robots, our collaborator Dr. Fan from the University of Melbourne created a Nano-
scribe file and helped me print them using polydimethylsiloxane (PDMS). We expect the conductivity
of the PDMS to be around 2.5 x 10~'* S/m and the relative permittivity to be around 2.55 [92]. To
decrease the adhesion of the microbots on the photoconductive layer, we included small semispheres
on the microbots to reduce the contact area, as shown in Figure 3.34.a. In another iteration, we tried
to decrease the thickness to 10 ym, as shown in Figure 3.34.b. A preview of the Nanoscribe is shown
in Figure 3.34.c, which shows 144 robots to be printed.
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Figure 3.34: The STL files of the second iteration of the microbot design. (a) shows the new microbot with a thickness of 50
pm. The small dots are semispheres with a diameter of 10 um. (b) shows the same microbot but with a thickness of 10 um. (c)
shows a preview of the Nanoscribe where 144 microbots are to be printed in a matrix. 72 microbots with a thickness of 50 um
and 72 microbots with a thickness of 10 pm.
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In Figure 3.35.a, we see an image from an optical microscope of the original microbot design.
In Figure 3.35.b, we see a realized microbot with the adhesion decreasing semispheres. In order
to test the OET with different microbot geometries, we designed a different type of robot. For this, we
designed a small platform with an adhesion-decreasing semisphere. This platform has four legs, which
are connected to a hinge on the platform itself. This design has the potential to show moving parts of
the microbot, which are to be controlled by the OET. This realized four-legged microbot is shown in
Figure 3.35.c.
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Figure 3.35: Images made of 3 different types of microbots using a microscope in the chemical laboratory of the faculty ME of
the Delft University of Technology. (a) shows the initial design from Figure 3.33.a. (b) shows the same initial design with added
15 ym diameter semispheres. (c) shows the four-legged microbot.

When printed, the microbots are stuck to the substrate. We tried to remove them by first heating
them using a Stuart UC150 hotplate at around 100 degrees while submerged in deionized water. This
detached the robots after more than 4 hours of cooking. We then put small samples of this water,
containing the loose robots, in small Eppendorf tubes, which we centrifuged using the Centrifuge 5420
from Eppendorf for 3 minutes at 2000 RCF*. This forced the robots to clump together at the bottom of
the tubes due to the centrifugal force. By very carefully pipetting a small amount of the deionized water
away from the centrifuged tubes, we then could increase the concentration of the microbots. To avoid
losing the robots, we put the pipetted water away in tubes that we centrifuged again. The water was
again carefully removed from these tubes to filter out the microbots in case we removed them from the
first tube by accident. This process is then repeated until we are left with 30 tubes containing 2 uL of
deionized water and as many microbots as possible. However, we found that this methodology led to
a considerable amount of damaged or destroyed microbots.
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Figure 3.36: The setup used for separating the PDMS microbots from their substrate. (a) shows the printed robots still attached
to the substrate. (b) shows the equipment used to detach the microbots. (1) is the sonicator, (2) is the centrifuge. (3) shows
the hot plate with two filled beakers. (4) are the tubes in which the PDMS microbots are deposited using the Eppendorf pipettes
shown in (5).

4RCF is the relative centrifugal force also known as g-forces.
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With the second iteration of robots, from Figure 3.34, we again tried to separate the microbots
from the substrate. After 10 minutes of being submerged in hot water, not only were the microbots
detaching from the substrate, but also small chunks of debris. After carefully rinsing the substrate, we
put the substrate in a small glass beaker submerged in a small volume of deionized water. By placing
the small glass beaker with the substrate in the Branson 1800 ultrasonic cleaner for just 10 seconds,
the microbots popped right off. After again centrifuging and pipetting to increase the concentration, we
put around 2 uL of the deionized water containing the microbots inside 10 small tubes. In the assembly
of the microfluidic chip, we put the water containing the microbots directly on the photoconductive layer
before putting it on the small ITO glass with the laser-cut holes. Using a microscope in the chemical
lab, we could make sure that the created microfluidic chips contained the microbots. An image of a
robot is shown in Figure 3.37. The robot on the left is missing a tooth, which could have resulted from
the centrifuging process. The small circles are the 15 um diameter polystyrene beads. The straight
line on the top right is the border of the microfluidic channel created by the double-sided tape. The big
circles on the lower right are air bubbles.

Figure 3.37: Animage of 2 microbots with polystyrene beads inside a microfluidic OET chip created using the OET optical setup.
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3.3.1. Frequency range

The DEP force in the OET depends on the frequency via the Clausius-Mossotti (CM) factor. This comes
from the CM factor depending on the complex permittivities of the dielectric particle and the dielectric
medium. The CM factor has two limits, one at w = 0 and one at w = .
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The cross-over frequency, where K (w,,) = 0, can also be found by using the material properties of
the dielectric particle and the dielectric medium.

(3.12)
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The cross-over frequency can only exist® when o, > g, and €; > €, or when g, < g; and ¢; < ;.

We can calculate the system’s expected CM factors by using the conductivities and permittivities of
deionized water, polystyrene, and deionized water. With g; = 5.4945 x 1078 S/m, and ¢; = 6.9030 x
1071° F/m. We can find that we expect the real part of the CM factor to be positive at w = 0 and
negative at w = co. For the PDMS microbots, we expect the real part of the CM factor to be negative at
both limits. Therefore, for the PDMS, the cross-over frequency does not exist. The expected real parts
of the CM-factors of the PDMS and the polystyrene in deionized water can be seen in Figure 3.38.

The real part of the Clausius-Mossotti factor using expected complex permittivities
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Figure 3.38: The expected real parts of the CM factors of PDMS, in blue, and polystyrene, in red, in deionized water. For the
PDMS we have Re[K(0)] = —0.5 and Re[K ()] = —0.476. For the polystyrene we have Re[K (0)] = 1 and Re[K ()] = —0.475.
For the polystyrene, we find an expected cross-over frequency of 328.9 kHz.

The Agilent 3320A function generator can output four different signals: a sinusoidal wave, a square
wave, a triangular wave, and a pulse. The DEP force in equation 2.13 depends on the rms value of the
electrical field. The rms value X of a harmonic signal x(t) is given by the square root of the integral of
the square of the harmonic signal divided by the period of the signal T.

1 T
X = ’?fo (x(t))?dt (3.13)

For all the types of signals, we can find the rms value. Assuming that the given amplitude is V,,, and
we have a period of T = 2w, we find that the rms value of the sinusoidal wave is given as X = Vpp%.
The rms value of the square wave is given as X = 1;,,,. The rms value of the triangular wave is given
as X = Vpp% and the rms value of the pulse wave is given as X = VPP\/%TT' Therefore, we will use
the square wave input signal to maximize the DEP force. At high frequencies (f > 5MHz), the square
wave seems less consistent and looks more like a sinusoidal function the higher the frequency gets.

5t only exists when it is not imaginary.
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The last thing we need to consider regarding the input frequency is electrolysis. At low and high
frequencies, bubbles can start forming inside the microfluidic chip, deteriorating it. Therefore, we will
need to establish a window of frequencies that are safe to work in to avoid breaking the OET chips.

3.3.2. Dielectrophoretic force

If we want to establish the dynamics of a dielectric particle in the OET setup, we need to look back
at section 2.4.1. We will simplify this complete image to make it easier to distinguish the DEP force,
which is the main force of interest. We are not interested in the gravity and buoyancy forces because we
can only image the spatial translation using the optical setup. Suppose we assume the medium to be
deionized water with a temperature of 20 °C and a viscosity of 1 mPa-s [93]. In that case, the expected

dt 3nnr NG
have a bead with a radius of 7.5 ym, the effect would be 240 nm/s of movement, which will be negligible.

velocity due to Brownian motion is around (dxb“’W") = / T — 6.56 x 10-1°—=. That means that if we

The electrophoretic effect happens at low frequencies. Because we want to avoid electrolysis, we
will avoid low frequencies, making it credible that the electrophoretic force will also be negligible. The
LACE effect has an optimal frequency that depends on the medium’s conductivity and permittivity, as
seen in equation 2.37. If we take deionized water as the medium with a height of 90 ym, the optimal
frequency would be around f,,; = 1.408 X 1051. If we want LACE to occur in the frequency range
where we avoid electrolysis, it needs to have a frequency higher than 100 Hz. This means the electric
double layer must be at least 710 um. Because the thickness of the EDL A can never be bigger than
the thickness of the chip, we can neglect LACE when using deionized water. When using a medium
with a much higher conductivity, we need to consider that LACE can play a role in the dynamics. The
electrothermal effects are only dominant with optical power densities greater than 200 W/cm? as shown
in Figure 2.14. If we assume that we could put all the optical power from an LED on an area of 1 mm?,
we would need the LED to have 2 W of power and an efficiency of 100%. The LEDs that we use are,
therefore, not strong enough to induce ACET.

This leaves us with two main forces to describe the dynamics: the DEP force and the drag force.
Therefore, we assume the dynamics of the dielectric particle depend on those two forces.

Fp=map=FDEP_Fdrag (3.14)
Fpgp = ma, + Fdrag

Because the particle’s speed is not large enough to create a large Reynolds number, we can assume
that we can approximate the drag force by Stokes’ law. As a dielectric medium, we used deionized
water, deionized water with 0.05% Tween-20, and deionized water with 5% Tween-20. We assume
that the Tween-20 does not influence the viscosity of the water much. Therefore, we take the viscosity
of the dielectric medium to be 1 mPa-s. Using equation 2.31 and calculating the mass by the volume
and density, we find a new formula for the DEP force.

dszead dxbead
FDEP,bead = ppolystyreneVbeadT + 67Trbead,u dt
d’x dx
=1.856 x 10712——2222 | 1 414 x 1077 —222d
dt? dt 3.15
dZX i b adx,,; b ( ’ )
microbot microbot
FDEP,microbot = ppdmsticrobatT + 67TTmicrobot.uT
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d
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The density of polystyrene is 1060 kg/m3 [94]. The volume of the beads is given by V.44 = gnr3 =

5.625 x 10~1°m3. The density of PDMS is found to be 1011 kg/m?3 [95]. The volume of a microbot is
calculated using SolidWorks to be 6.516 x 10713 m3. In literature, for calculating the DEP force for the
microbot using Stokes law, a different scaling is applied [8]. If we want to benchmark the DEP force with
this paper, we need to use Fpgp microvotcorrectea = 3-88 X 10‘7W. This paper uses the same
correction for calculating the DEP force on a 15 ym diameter polystyrene bead. In other literature, a
DEP force of around 35 pN has been found for 15 um diameter polystyrene beads [96]. Comparing this
paper to an older paper from Ming C. Wu and Pei-Yu Chiou, we find that they could manipulate 45 pm
beads with a speed of 40 um/s, which would translate to 17 times lower compared to Shuailong Zhang
et al. [97] [96]. Literature does not give a precise view of the DEP force we would expect, so we will
refer to equation 3.15 to find the DEP force and benchmark the results in the section 5.3.

3.3.3. Controlling the DMD
As we already discussed in section 3.2.4, we can use multiple programs to control the DMD. For quan-
tifying the DEP force on the dielectric particles, we will use Python and the ALP4lib module created
by Sébastien M. Popoff [98]. This is not a library created by Vialux, the company producing the DMD.
Therefore, the DMD is not optimally controlled this way. The DMD is more optimally controlled using
C/C++, for which Vialux has developed an API. We did not use C/C++ to have everything controllable
in Python. Listing 3.1 shows sample code for controlling the DMD using Python and the ALP4 library.
For this code to work, the function "create_img_array” needs to be defined. The DMD also needs a
pictureTime, which relates to how long an image is shown on the DMD. This particular code keeps
running until the timer runs out.
# Import needed libraries

import numpy as np

from ALP4 import *
import time

# Load the Vialux .dl1l
DMD = ALP4 (version = ’'4.3")
# Initialize the device
DMD.Initialize ()

img = np.zeros ([DMD.nSizeY,DMD.nSizeX])

# Create the animation for the DMD
def create img array(img) :
# Put the code here to create an image array setting an image with the same size as
img” as a frame on the DMD
# The mirrors go on at the values 1 in the img array. They turn off at the value 0.
img array = ....
return img_array

”

# Make each frame of the img array 1D for the DMD and concatenate them into a sequence
imgSeq = np.concatenate([frame.ravel () for frame in img array])

# Allocate the memory on the DMD for the animation
DMD.SegAlloc (nbImg = 2, bitDepth = bitDepth)

# Send the image sequence to the DMD
DMD. SegPut (imgData = imgSeq)

# Set image rate to 10 Hz. The value is in microseconds
DMD. SetTiming (pictureTime = 100000)

# Run the created animation for 10 seconds
DMD.Run ()
time.sleep (10)

# Stop running the DMD
DMD.Halt ()

# Free allocated memory on the DMD
DMD.FreeSeq ()

# De-allocate the DMD
DMD.Free ()

Listing 3.1: A sample code in Python used for controlling the DMD.
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3.3.4. Measuring and analyzing the DEP force

To measure the DEP force, we must first decide what patterning we will apply on the DMD. To create
a steady movement, we created a sweep animation that goes from the left border of the FoV to the
right border of the FoV and back. We can adjust the sweep pattern’s speed and thickness to fit the
measurement we want to do. The code for creating this sweep pattern animation is shown in Appendix
A.3.1. The code for displaying the sweep animation on the DMD is shown in Appendix A.3.2. To make
the code more efficient, we only use the part of the DMD that is in the FoV of the optical setup. The
FoV is bounded by a rectangular ring with the same thickness as the sweep pattern. This ring avoids
microgears and beads escaping from the FoV due to the sweep.

Because we did not seem to be able to control the framerate of the DMD accurately, we did some
experiments on the DMD to establish the framerate when no assignment for the framerate was given
in the Python code. The found framerate was around 72 fps. Using this framerate, we could adjust the
number of frames for the sweep animation to fit the given sweep time. For measuring the DEP force,
we used sweep animations with sweep times of 3 seconds, 5 seconds, 7 seconds, and 15 seconds.
For the sweep thickness, we used a thickness of 30 DMD pixels, 60 DMD pixels, 90 DMD pixels, and
120 DMD pixels. We measured the DMD in some experiments using different light intensities, setting
the LED at 1/3 power, 1/2 power, 2/3 power, 5/6 power, and full power using the Thorlabs LEDD1B
LED driver. We did the experiments at different frequencies ranging between 1 and 100 kHz.

To control a dielectric particle dynamically, we wrote a Python script that prints a ring on the DMD
that can be moved and reformed using keyboard inputs. The code for this ring is shown in Appendix
A.3.3. This code seems to be inconsistent with the projected speeds on the DMD. Furthermore, this
code seemed to require a lot of memory from Python, making it run out of memory after a short time.
Therefore, this code was not eligible for quantifying the DEP force and needs to be optimized.

To quantify the code, we created videos of the movements using the uEye cockpit with a certain
framerate. Using Fiji, we could manually track specific points by selecting them in each frame. We
tracked the microbot at four different points for each measurement to find the average movement speed.
We additionally tracked four separate beads in each experiment. Because the framerates of the camera
and the DMD were not aligned, it was harder to track the sweep animation accurately. Therefore, to
measure the actual sweep animation speed, we selected the right and left borders of the sweep line
in each visible frame. The center of the borders was taken to be the approximate center of the sweep
animation to compensate for the saturation blur. The tracking data is then processed in MATLAB to
obtain the maximum velocities and accelerations for each set of parameters.






Results

This chapter presents the experimental results obtained from the development and evaluation of the
optoelectronic tweezers (OET) system. Following the theoretical foundation laid out in the previous
chapters, each component of the setup was systematically characterized and tested to measure its
performance and validate the design.

The results are structured according to the main functional parts of the OET system. Section 4.1
covers the microfluidic chip, including its mechanical robustness, electrical behavior, and optical ab-
sorption properties. Section 4.2 focuses on the optical setup, with subsections addressing the result-
ing magnification, optical efficiency, and resolution. Finally, Section 4.3 discusses the dynamics of the
dielectric particles, denoting the measured DEP forces on the particles and the effect of varying pa-
rameters.

Together, these results provide insight into the capabilities and limitations of the current OET im-
plementation, and form the foundation for the analyses and conclusions presented in the subsequent
chapters. In this chapter, the results are presented without detailed discussion; their interpretation is
reserved for later chapters, where the underlying causes of the observed phenomena are examined.

4.1. Microfluidic chip

4.1.1. Robust design

As was explained in section 3.1, we created a microfluidic chip with a channel area of 270 mm2. The
thickness of the tape was measured by doing three experiments to be 0.096 mm + 0.005 mm. This
means the volume of a created chip is around 25.8 mm?3, not taking into account the accuracy in cutting
the double-sided tape. The data for the thickness measurements can be found in Appendix B.1.1.

In the full project, a total of 52 functional microfluidic chips have been made. Of these 52, 10 chips
were created using the design from iteration 1 as shown in Figure 3.3.a. These chips were not functional
for OET, for they did not have ITO-covered glass and no photoconductive layer. From iteration 2, as
shown in Figure 3.3.b, four chips without ITO-covered glass and 7 with ITO-covered glass were made.
These chips were also not functional for OET, for they did not have a photoconductive layer. From the
design of Figure 3.3.d. 5 chips were made using two small ITO coverslips. 2 chips were created using
one big, and one small ITO glass, as shown in Figure 3.3.e. Both these designs were functional, having
conductive glasses and a photoconductive layer. Six chips of the third design were made as shown in
Figure 3.4.a. Half of the chips in this iteration had a PEGylated photoconductive layer to try to reduce
the surface particle adhesion. 18 OET microfluidic chips were made from the final design as shown in
Figure 3.4.b.

57



58 4. Results

4.1.2. Electrical properties

We measured the resistance of three different liquid media with the experiment described in section
3.1.4. This was done using pure deionized water, deionized water with 0.05% Tween-20, and deion-
ized water with 5% Tween-20. The results of these measurements, including the correction factor as
described in equation 3.2, are shown in Table 4.1.

The corrected resistivities are calculated using the measured resistance per meter times the cor-
rection factor calculated. All measurements done on the resistance of the materials used for the mi-
crofluidic chip can be found in Appendix B.1.2.

Deionized Water

Measurement Distance 29 mm 23 mm 3 mm

Measured resistance per meter [Q/m] 7.34x 107 | 7.94x 107 | 3.55x 108
Measured resistance per meter Std. [/m] | 3.12 x 10° 1.75 x 10° 2.41 x 10°
Correction Factor in m=2 248 x 1073 | 229x 1073 | 513 x 107*
Corrected p [Q-m] 1.82 x 10° | 1.82x10°> | 1.82x 10°
Corrected p Std. [Q-m] 7.74x10% | 4.01x10% | 1.23 x 102
Corrected Conductivity [S/m] 549x107° | 549 x107° | 5.49 x 1076

Deionized Water + 0.05% Tween-20
Measured resistance per meter [Q/m] 1.04 x 107 | 1.15x 107 | 7.04 x 107
Measured resistance per meter std. [0/m] | 1.33 x 10°> | 7.93 x 10> | 2.27 x 10°
Corrected p [Q-m] 258 x 10* | 2.65x10* | 3.61 x 10*
Corrected p Std. [Q-m] 3.30 x 102 | 1.82x10% | 1.16 x 102
Corrected Conductivity [S/m] 3.87x107° | 3.78 x 1075 | 2.77 x 107>
Deionized Water + 5% Tween-20

Measured resistance per meter [Q/m] 450 X 10° | 4.72x10° | 2.40 x 107
Measured resistance per meter Std. [/m] | 1.49 x 10* | 1.31x 10> | 2.05x 103
Corrected p [Q-m] 1.11 x 10* | 1.08 x 10* | 1.23 x 10*
Corrected p Std. [Q-m] 3.70 x 101 | 3.00 x 102 | 1.05 x 10°
Corrected Conductivity [S/m] 897 x107% | 924 x 1075 | 811 x 1075

Table 4.1: Measured resistance per meter, correction factors, and conductivity for different concentrations of Tween-20 in deion-
ized water.

The capacities measured in the microfluidic chip are shown in Table 4.2 and Table 4.3. These
measurements are done by doing the experiment described in section 3.1.4. The relative permittivities
of the double-sided tape, the a-Si:H, the air, and deionized water with 5%, 0.05%, and with no Tween-
20 are calculated using the measured capacities and by using equation 3.3. The full measurement data
regarding the capacities can be found in Appendix B.1.3 and in Appendix B.1.4 for the double-sided
tape and the a-Si:H. The full measurement data regarding the capacities of the air and the different
concentrations of Tween-20 in deionized water can be found in Appendix B.1.5.

4.1.3. Reflection and absorption

To calculate the reflection of the ITO glasses, we use the setup described in section 3.1.2 and in sec-
tion 3.1.3. The initial light intensity of an LED of 470 nm, a laser of 635 nm, and a lamp of 715 nm
is measured. The transmitted light is measured for these wavelengths using different ITO-covered
microscope slides with various resistances. Using the incoming and transmitted light, the reflection
percentage could be calculated. The results of these measurements are shown in Table 4.4 and in
Figure 4.1. The full reflection measurement at 470 nm, 635 nm, and 715 nm is shown in Appendix
B.2.1, B.2.2, and B.2.3, respectively. The reflection measurements of the ITO glasses in the setup with
the beamsplitter to measure the absorption coefficient of a-Si:H at 470 nm, 635 nm, and 715 nm are
shown in appendices B.2.4, B.2.5 and B.2.6 respectively.
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Tape a-Si:H Air
Measured capacitance average 1.6x107109F | 65x1071°F | 1.4x1071°F
Measured capacitance std 1.6x10711F | 37x107F | 31x10711F
At 48%x107*m? | 7.3x107*m? | 2.6 x107* m?
dest 96%x1075m | 1.0x10°m | 9.6x10°m
Calculated e, 3.50 0.10 5.94
Theoretical €, 3.65 11.5 1
Expected material capacitance 1.62x1071°F | 743 x 1078 F | 237 x 10711 F
Expected total capacitance 1.62x1071°F | 235%x1071°F | 1.95x 10710 F
Difference 6.71x 1072 F | 417 x1071°F | 543 x 10711 F
Percentage of measured capacitance 4% 64% 39%

Table 4.2: Capacitance measurements and dielectric constant calculations for Tape, a-Si:H, and Air.

0% Tween-20 | 5% Tween-20 | 0.05% Tween-20
Measured capacitance average 39x107°F | 49%x107°¢F 1.9%x 107 ¢ F
Measured capacitance std 1.7x107¢ F 1.8x 1077 F 1.2x 1077 F
Aest 26x107*m? | 26x107*m? | 2.6 x107* m?
defs 9.6x10°m | 9.6x10°m 9.6 x107°m
Calculated ¢, 1.65 x 10° 2.05 x 10° 7.84 x 10*
Theoretical e, 78 78 78
Expected material capacitance 1.85%x107°F | 1.85x10°F 1.85%x 107°F
Expected total capacitance 197 x107°F | 1.97x10°F 197 x107° F
Difference 391x107°F | 486x107¢F 1.85x 107 F
Percentage of measured capacitance 100% 100% 100%

Table 4.3: Capacitance measurements and dielectric constant calculations for different Tween-20 concentrations.

Reflection of the used materials for the used light wavelengths
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Figure 4.1: The measured reflection percentages of ITO covered microscope slides with resistances 8-12 Q, 15-30 Q, and 70-100
Q for photons with wavelengths of 470 nm, 635 nm, and 715 nm. The black line denotes the measured reflection percentages
of a-Si:H at the same photon wavelengths.
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Material Wavelength (nm) Iy (NW) Avg. I, (nW) | Std. I. (nW) | Refl. % Avg.

ITO8-12Q 470 6.69 x 10 nW | 9.90 x 10° nW | 5.80 x 10* nW 14.81%
635 1.16 x 10° nW | 1.36 X 10° nW | 9.06 x 10* nW 11.68%

715 3.07 x 10° nW | 3.61 x 105 nW | 3.51 x 103 nW 11.76%

ITO 15-30 Q 470 6.69 X 10° nW | 1.33 x 10® nW | 3.86 x 10* nW 19.92%
635 1.16 x 10° nW | 1.05 x 10° nW | 5.04 x 10* nW 9.07%

715 3.07 x 10° nW | 4.19 x 10° nW | 5.29 x 103 nW 13.67%

ITO 70-100 Q 470 6.69 x 10 nW | 9.02 x 105 nW | 1.63 x 10* nW 13.49%
635 1.16 X 10® nW | 2.49 x 105 nW | 1.05 x 10% nW 21.42%

715 3.07 x 10° nW | 4.60 x 10° nW | 1.89 x 10* nW 15.01%

Table 4.4: Reflected intensity measurements at different wavelengths for ITO-covered microscope slides with different resis-
tances. All values are in nanowatts (nW) except for reflection percentages.

The absorption coefficient of the used a-Si:H has been measured using the experiment of section
3.1.3. At three different wavelengths: 470 nm, 635 nm, and 715 nm, we calculated the light power
that was transmitted by the ITO-covered microscope slides using the measured incoming light and the
measured reflected light. Both this transmitted light, the measured light transmitted by the a-Si:H, and
the measured noise bias were used to calculate the absorption coefficient of the a-Si:H as is used in
equation 2.20. The computed absorption coefficients are shown in Table 4.5 and in Figure 4.2. In this
figure, two absorption coefficients at different wavelengths found in the literature are shown [36] [99].
The dashed black line shows the calculated absorption coefficient if the measured transmitted light is
as big as the measured noise bias. The full data on the measured absorption coefficient at a photon
wavelength of 470 nm, 635 nm, and 715 nm are shown in Appendix B.3.1, B.3.2, and B.3.3 respectively.

The absorption coefficient of a-Si:H
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Figure 4.2: The measured absorption coefficient of the used a-Si:H shown in red with its standard deviation. The blue line
shows the absorption coefficient of a-Si:H as found by H. Kang [99]. The green line shows the absorption coefficient of a-Si:H
as found by W. Liang [36]. The black dashed line shows the maximum absorption coefficient that we are able to measure using
the experimental setup.
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Wavelength a (m-1) a Std. (m™1) | Refl. % | Refl. % Std.
470 nm 1.01x107m ! | 1.76 x 10*m™* | -0.35% 8.07%
635 nm 240x10°m™ | 1.22x10°m™! | 3.76% 2.35%
715 nm 474%x10°m™ 1 | 741 x10*m™! | 67.20% 1.87%

Table 4.5: The measured absorption coefficient a of a-Si:H at different photon wavelengths with its standard deviation. The
resulting reflection percentages with their standard deviations are calculated using this absorption coefficient and are also shown
in Figure 4.1.

4.2. Optical setup

The created OET setup is a combination of the optical elements, the microfluidic chip, the dielectric par-
ticles, the dielectric media, and other elements of instrumentation. The full combined setup of the OET
system can be seen in Figure 4.3. In this figure, the most important parts of the OET are highlighted.
In this section, we will go into more detail on the characteristics of the optical setup.

Figure 4.3: The full OET setup. (1) shows the blue LED, which provides light for the illumination of the photoconductive layer. (2)
shows the DMD, which determines which pattern gets deflected. This created the control in the OET. (3) shows the microfluidic
chip on the movable stage. In the microfluidic chip, the dielectric particles are imaged and manipulated by the DEP force. (4)
shows the signal generator, which provides the electrical signal to the microfluidic chip with a particular shape and frequency.
(5) shows the waveform amplifier, which increases the voltage, and thus also increases the strength of the electrical field inside
the microfluidic chip. (6) shows the oscilloscope, which shows the electrical input signal of the OET. (8) shows the 3D-printed
tube holder to safely store the dielectric media and the dielectric particle. (9) shows the computer used for control, imaging, and
analysis of the DEP force.

4.2.1. Magnification

The magnification of the optical paths in the optical setup has been measured with the method de-
scribed in section 3.2.2. The sizes of beads and DMD patterns were measured in terms of the number
of pixels used on the camera sensor. Using this information and the known sizes of the measured
object, we were able to retrieve the magnifications. The magnification from the microfluidic chip to the
camera is found to be M. pip—cam = 4.2 £ 0.2 as can be seen in Table 4.6. The full data on the magnifi-
cation from the chip to the camera can be found in Appendix C.1.1. The magnification from the DMD
to the camera is found to be Mpp_cam = 0.67 £ 0.02 as can be seen in Table 4.7. The full data on the
magnification from the DMD to the camera can be found in Appendix C.1.2.
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Using the found magnifications, we can find the magnification from the DMD to the chip to be
Mpmp-chip = 0.16 £ 0.06. This means that a DMD pixel size of 10.8 ym should be 1.7 + 0.6 um
in the microfluidic chip. A camera sensor pixel of 3.45 um should be able to image 0.81 + 0.042 ym
of the microfluidic chip when not taking into account the diffraction of light. The camera sensor is 2056
by 1542 pixels which means that the FoV is found to be 1.67 + 0.09 mm by 1.26 + 0.07 mm. This FoV
limits the amount of DMD pixels visible to be 984 + 25 by 738 + 19 pixels. The FoV of the DMD used
in the sweep animation is 978 by 736 pixels, which almost fills up the entire camera FoV.

Object Conversion Std. Conversion | Magnification | Std. Magnification
(m/pix) (m/pix) M chip-Camera
Bead 8.43 x 107 m/pix | 3.91 x 10~ m/pix 4.10 0.19
Robot full length 7.87 x 1077 m/pix | 1.83 x 1078 m/pix 4.39 0.10
Robot diameter circle | 8.30 x 107 m/pix | 2.46 x 10~ m/pix 4.16 0.12
Robot tooth width 7.80 X 10~7 m/pix | 3.80 x 10~8 m/pix 4.43 0.22
Combined data 8.15 x 1077 m/pix | 4.25 x 10~ m/pix 4.24 0.22

Table 4.6: The measured distances in camera sensor pixels of objects in the microfluidic chip. Using the known ground truths of
the lengths, the conversion and consequently, the magnification from the chip to the camera could be retrieved.

Size 30 px 60 px 90 px 120 px Combined

m/pix 536%x107° | 510 x107° | 512%x107® | 5.09x 107° | 517 x 107°

Std. m/pix 8.89x1078 | 750 x 1078 | 5.04x107® | 3.74x 1078 | 1.30 x 1077
M chip—Camera 0.644 0.677 0.674 0.677 0.668
Std. Mchip—Camera 0.011 0.010 0.007 0.005 0.016
DMD/Cam 0.496 0.472 0.474 0.472 0.478
Std. DMD/Cam 0.008 0.007 0.005 0.003 0.012

Table 4.7: The measured distances in camera sensor pixels of projected DMD sweep animations in the microfluidic chip with
different thicknesses. Using the known ground truths of the lengths, the conversion and consequently, the magnification from
the DMD to the camera could be retrieved. The last two columns give the ratio between a DMD pixel size and a camera sensor
pixel size.

4.2.2. Optical efficiency

The optical efficiency of all optical elements is measured using the experiment as described in section
3.2.2 and in equation 3.9. Two different light sources were used, which resulted in the optical efficiency
at two different wavelengths. The element clusters of which the efficiencies are calculated are shown
in Figure 4.4 as red dashed rectangles. The efficiency of cluster 1 is found to be 7, 4550m = 79% £ 6%
using a 455 nm LED, and 11 4g0nm = 70% % 2% using a 480 nm LED. The efficiency of cluster 2, i.e., the
DMD, is found to be 1 455,m = 42.5% % 0.6% using a 455 nm LED and having the DMD fully reflecting.
The efficiency of the same cluster with the same DMD setting is 1, 4g0nm = 33.2% % 0.7% using a
480 nm LED. Finally, the efficiency of cluster 3, ending before the objective, is given as 13 4550, =
34.9%=0.5% using a 455 nm LED and 713 4g0nm = 30.9% +0.9% using a 480 nm LED. The six efficiency
measurements were done, focusing the light on the sensor using a lens which is normally not used in
the optical setup, as described in section 3.2.2. This lens has a theoretical efficiency of around 80%
for both wavelengths [86].
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Figure 4.4: The optical setup used for the OET, denoting three clusters of optical elements by the red dashed rectangles. The
efficiency of these three clusters is measured using two different wavelengths of light.

The total efficiency of the system is found to be n455,m = 11.7% £ 0.8% using the 455 nm LED and
Nagonm = 8-4% * 0.4% using the 480 nm LED. The full measurements done on the optical efficiencies
can be found in Appendix C.2. The efficiencies found after each particular cluster, measured with, and
without focusing the output light on the power meter, is shown in Table 4.8 and Table 4.9 for respectively
the 455 nm LED and the 480 nm LED. As can be seen in this table, the intensity of the DMD decreases
by 49.8% + 0.9% using the 455 nm LED, and 50% =+ 2% using the 480 nm LED when patterning a 64
pixel by 64 pixel checker pattern on the DMD. The intensity of the DMD decreases by 0.008% + 0.005%
using the 455 nm LED, and 0.008% + 0.006% using the 480 nm LED when patterning a single pixel on
the center of the DMD.
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Thorlabs M455D3 Efficiency Analysis

Measurement Efficiency | Std. Efficiency | Theor. Efficiency
Focussed after alignment mirrors 79% 5.18% 78%
Not focussed after alignment mirrors 27% 1.74% 98%
Focused after DMD with full white screen (FW) 42% 0.55% 52%
Focussed after DMD with 64-pixel checker (64p) 21% 0.35% 26%
Focused after DMD with single center pixel (SP) | 0.00553% 0.0005% 0.00002%
Not focussed after DMD FW 41% 0.62% 65%
Not focussed after DMD 64p 20% 0.31% 33%
Not focussed after DMD SP 0.00470% 0.0002% 0.00003%
After the objective with DMD FW 48% 0.95% 32%
After the objective with DMD 64p 49% 0.90% 32%
After the objective with DMD SP 13% 0.95% 32%
Focussed before the objective with DMD FW 35% 0.47% 32%
Focussed before the objective with DMD 64p 35% 0.65% 32%
Focussed before the objective with DMD SP 8% 0.61% 32%
Total efficiency 12% 0.80% 13%
Total efficiency DMD corrected 14% 0.96% -

Table 4.8: Efficiency measurements for the Thorlabs M455D3 at different stages in the optical setup. FW = full white screen
pattern on the DMD. 64p = checker pattern with blocks with a side length of 64 pixels. SP = only a single pixel in the center of

the DMD switched on.

Roschwege HighPower LED Koningsblauw Efficiency Analysis

Measurement Efficiency | Std. Efficiency | Theor. Efficiency
Focussed after alignment mirrors 70% 1.97% 78%
Not focussed after alignment mirrors 22% 0.50% 98%
Focused after DMD with full white screen (FW) 39% 0.72% 52%
Focussed after DMD with 64-pixel checker (64p) 21% 0.67% 26%
Focused after DMD with single center pixel (SP) | 0.00282% 0.0002% 0.00002%
Not focussed after DMD FW 33% 0.71% 65%
Not focussed after DMD 64p 16% 0.81% 33%
Not focussed after DMD SP 0.00262% 0.0001% 0.00003%
After the objective with DMD FW 32% 1.33% 32%
After the objective with DMD 64p 33% 0.79% 32%
After the objective with DMD SP 47% 1.86% 32%
Focussed before the objective with DMD FW 31% 0.92% 32%
Focussed before the objective with DMD 64p 29% 0.92% 32%
Focussed before the objective with DMD SP 1% 0.49% 32%
Total efficiency 8% 0.38% 13%
Total efficiency DMD corrected 1% 0.46% -

Table 4.9: Efficiency measurements for the Roschwege HighPower LED Koningsblauw at different stages in the optical setup.
FW = full white screen pattern on the DMD. 64p = checker pattern with blocks with a side length of 64 pixels. SP = only a single

pixel in the center of the DMD switched on.
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4.2.3. Resolution

The resolution of the system is measured with the experimental setup as shown in Figure 3.26. The
measured FWHMs of the PSFs in Fiji are calculated using a Gaussian fit over the PSF. The measured
lateral resolution and the measured DoF are shown in Table 4.10. The z-stack to measure the DoF
was created by taking 14 intervals of 10 ym in the optical axis below the focal length and 14 intervals
above the focal length. Using these measured resolutions, we calculated the corresponding wavelength
using the formula from equation 2.44 and equation 2.45. The full measurement data to establish the
resolutions are found in Appendix C.3.

Derived Wavelength and Standard Deviation from Measurements
Measurement (um) | p (um) | Std. p (um) | Derived 1 (nm) | Std. derived A (nm)
4 um 3.501 um 0.166 um 573.9 nm 27.2 nm
1 um 3.345um | 0.115 pm 548.4 nm 18.8 nm
0.5 um 3.299 um 0.140 um 540.8 nm 22.9 nm
Measurement (um) | 2AZ (um) | AZ Std. (um) | Derived 4 (hm) | Std. derived 1 (nm)
4 um 88.540 um 5.201 ym 777.6 nm 45.7 nm
1 um 89.691 um 10.522 ym 787.7 nm 92.4 nm
0.5um 98.140 um 2.889 um 861.9 nm 254 nm

Table 4.10: Measured values for the lateral resolution p and DoF 2AZ with their corresponding derived wavelength values using
three differently sized TetraSpeck Fluorescent beads.

By creating a grid of 9 by 12 squares with different side lengths on the DMD, we were able to
calculate the resolution of an individual DMD mirror. The light source for creating this DMD pattern was
a 455 nm LED. The resolution was measured by taking the standard deviation of a Gaussian fit on the
PSF of the squares as shown in Figure 4.5. The increase in lateral resolution and its standard deviation
with increasing square side length is shown in Figure 4.6. A linear fit was made to show the linear trend
in the second half of the figure. This linear function increases by 1.65 ym for each added pixel in the
DMD squares. The full data on the resolution measurements can be found in Appendix C.4.
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Figure 4.5: A view of Fiji where we measured the PSF of a single 3 by 3 pixel DMD square projection on the chip. The left screen
shows the image of the DMD spot. The yellow line determines the cross-section at which the PSF on the right side is measured.
A Gaussian fit is put on the PSF, shown as the blue line.



66 4. Results

Increase of the Gaussian fit FWHM of the PSF of a DMD pixel projection
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Figure 4.6: The lateral resolution and its standard deviation of a single DMD square. The horizontal axis shows the side length
in the number of DMD pixels of this DMD square. The vertical axis shows the lateral resolution in um. The blue dashed line
shows a linear fit y = ax + b with a = 1.6487 ym and b = 0.4282 ym.

The maximum intensities of the measured pixels in the grid are shown in Figure 4.7 together with
their standard deviations. The intensity of the pixels is given in grey value, which is capped at 65535
and shown as the red dashed line. The average maximum intensity seems to converge to this capped
maximum with increasing side length.
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Figure 4.7: The increase in measured maximum intensity depending on the side length of the squares in the grid pattern. The
horizontal axis shows the side length in the number of DMD pixels of this DMD square. The vertical axis shows the grey value
x10%.
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To measure the spatial distribution of the intensity of a projection from the DMD, we measured the
center intensity of all spots in a 7 by 7 pixel grid as shown in Figure 4.8. The intensity peaks differ
in height depending on the location on the chip. The total intensity map is shown in Figure 4.9. The
maximum values are all taken relative to the maximum found intensity. There seems to be a small tilt
towards the north-west direction in the plot.
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Figure 4.8: A view of Fiji where we show the PSF of nine 7 by 7 pixel DMD square projections on the chip. The left screen shows
the image of the DMD spot. The yellow line determines the cross-section at which the PSF on the right side is measured.
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Figure 4.9: A plot showing the maximum intensity distribution of a DMD projection on the microfluidic chip using a 7 by 7 pixel
grid as shown in Figure 4.8. The axes denote the positions of the projected dots in the grid. The values inside shown are the
relative measured maximum intensities in percentage of the biggest measured intensity.
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4.3. Dielectric particle dynamics

4.3.1. Dielectrophoretic force

We measured the DEP force using the method as described in section 3.3.2. In total, 48 measurements
were made using different electrical signal frequencies, different DMD patterns, different illumination
powers, and different sweep times. The measurements were saved in the uEye cockpit as an .avi file
and manually tracked in Fiji to get the position data of four beads, the microbot at four positions, and
the sweep pattern at two points in every frame. In total, 50270 positions were carefully selected to
minimize the measurement error. Using the MATLAB code from Appendix D.1, the dynamics of the
beads, the microbot, and the illumination pattern could be retrieved. Because the beads and/or mi-
crobot were not visible in every frame due to the oversaturation, the positions in those frames could
not be selected, instead first-order interpolation between the adjacent frames was used. The center
position of the microbot is calculated by taking a circle for each combination of 3 measured positions
on the microbot and averaging them. Because we defined the DMD pattern animation, we were able to
fit a function on the measured positions to recover the pattern dynamics. The fit is created by selecting
the frame where the peak of the pattern location is expected, and by selecting the frame when the
animation is expected to have started. The measured and calculated dynamics of the beads and the
microbot can be found in Appendix D.2.1 and Appendix D.2.2. The fits on the pattern dynamics are
shown in Appendix D.2.3.

The frequency dependence of the DEP force on the microbot can be seen in Figure 4.10. These
experiments had the microbots submerged in deionized water with 0.05% Tween-20. The illumination
power was set to maximum, and the sweep animation had a sweep time of 7 seconds and a thickness of
120 DMD pixels. The force magnitude increases sharply initially and seems to decrease exponentially
with the increasing frequency of the electrical signal. The full DEP force measurements on the microbot
can be found in Appendix D.3.
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Figure 4.10: The measured DEP force exerted on the microbot using a sweep animation with a sweep time of 7 seconds and a
thickness of 120 DMD pixels. The microbots are submerged in deionized water with 0.05% Tween-20. The electrical signal is a
square wave with a Vpp of 30 V. The blue line shows the measured averaged DEP forces. The red patch shows the measured
standard deviation. The green dashed line is an exponential fitted line of the form y = ae~?* + ¢ with a = 650, b = 0.0817
and ¢ = 15. The left vertical axis shows the DEP force magnitude in pN when calculated using the Stokes drag force. The right
vertical axis shows the DEP force magnitude in pN when using the conversion rate from literature [8].
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The frequency dependence of the DEP force on the polystyrene 15 um diameter beads can be seen
in Figure 4.11. These measurements were done simultaneously with the measurements of the DEP
force of the microbot. The beads also seemed to decrease exponentially with increasing frequency.
The fit for this exponential decrease is also shown in the figure as a green dashed line. The fit has the
same exponent as the fit from Figure 4.10.

Frequency dependence of Fpepona 15 um bead using 30 V, full optical power and a 120 px sweep animation
40 -

o o FDEF
35 Standard deviation
= »wwwi Exponential fit

w
o
I

N
9]

DEP Force from the EoM [pN]
n 3

—-
o

0 10 20 30 40 50 60 70 80 90 100
Frequency (kHz)

Figure 4.11: The measured DEP force exerted on the 15 pm polystyrene beads using a sweep animation with a sweep time of 7
seconds and a thickness of 120 DMD pixels. The beads are submerged in deionized water with 0.05% Tween-20. The electrical
signal is a square wave with a Vpp of 30 V. The blue line shows the measured averaged DEP forces. The red patch shows
the measured standard deviation. The green dashed line is an exponential fitted line of the form y = ae~b* + ¢ with a = 15,
b = 0.0817, and ¢ = 7. The left vertical axis shows the DEP force magnitude in pN when calculated using the Stokes drag force.

The effect of the pattern illumination on the F ), using 30 V at 5 kHz with and a 90 px sweep animation

140 —
120 - @ Fy, Microbot
Standard deviation F ., microbot
= F e beR
52 100 = Standard deviation F,_, bead
3 @ Optical power
é 80 - Standard deviation optical power
5}
3
g
o 60
=
2
[}
o 40—
20 —
o—
R i | | | | | J
30 40 50 60 70 80 90 100

Relative current on LED [%]

Figure 4.12: The effect of light intensity on the DEP force on the microbot and a 15 um polystyrene bead. The measurements
were done using a sweep animation with a sweep time of 15 seconds and a sweep thickness of 90 DMD pixels. All dielectric
particles were submerged in deionized water with 0.05% Tween-20. The electrical signal was a square wave with a Vpp of 30
V and a frequency of 5 kHz. The relative current on the LED is given as a percentage of the current at full power. The relative
power/force is given as a percentage of the power/force at full optical power.
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The effect of the illumination power of the LED for creating the DMD pattern is shown in Figure
4.12. To see the connection to the optical power, the measured relative optical power is included in the
figure, including its standard deviation. The microbot seems to be depending more on the illumination
intensity than the beads do.

The effect of the sweep animation thickness is shown in Figure 4.13. Although the effect is not as
strong as with the difference in light intensity, the DEP force on the microbot seems to increase with

increasing pattern thickness. The standard deviation of the force on the beads is capped to magnify
the area of interest.
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Figure 4.13: The effect of sweep thickness on the DEP force on the microbot and a 15 ym polystyrene bead. The measurements
were done using a sweep animation with a sweep time of 15 seconds. All dielectric particles were submerged in deionized water
with 0.05% Tween-20. The electrical signal was a square wave with a Vpp of 30 V and a frequency of 5 kHz. The optical power

of the 455 nm LED was set to maximum output. The relative force is given as a percentage of the force at the sweep thickness
of 120 pixels.
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The 10 strongest DEP forces on the microbot found in our OET system are shown in Table 4.11.
We can see that the frequencies in this table are all relatively low. The sweep thickness is found to be
120 DMD pixels, and the illumination power is set to maximum for all top DEP forces.

Highest DEP Forces Found for the Microbot
Sweep (s) | Freq (kHz) | Sweep (pix) | Ppre1 | DEP (pN) | Std. DEP (pN)
7 4 4 1 499.7 33.91
7 3 4 1 491.72 181.63
7 5 4 1 457.33 71.03
3 1 4 1 425.03 9.97
7 6 4 1 398.19 76.93
7 7 4 1 376.7 10.4
7 8 4 1 328.49 64.25
7 10 4 1 301.18 56.32
7 9 4 1 300.59 2.87
15 1 4 1 296.02 33.68

Table 4.11: Highest DEP forces found for the microbot under different experimental conditions. The DEP force is expressed in
picoNewtons (pN).

The 10 weakest DEP forces on the microbot found in our OET system are shown in Table 4.12.
We can mostly see low optical power and high frequencies, which are contrary to the experimental
conditions found at the strongest DEP forces. The difference between the average DEP force and the
standard deviation of the DEP force is small, showing a relatively large measurement error. The DEP
force of 4.24 pN translates to a gear velocity of 3.72 ym/s.

Lowest DEP Forces Found for the Microbot
Sweep (s) | Freq (kHz) | Sweep (pix) | Ppre1 | DEP (pN) | Std. DEP (pN)
15 5 3 0.33 4.24 30.60
7 100 4 1.00 11.04 8.38
15 18 1 1.00 18.82 3.00
15 5 3 0.50 18.92 6.54
7 50 4 1.00 22.20 8.04
15 5 3 0.67 26.08 6.42
15 15 1 1.00 58.68 2.70
15 13 1 1.00 61.89 1.51
15 15 3 1.00 113.77 22.07
7 19 4 1.00 114.13 31.23

Table 4.12: Lowest DEP forces found for the microbot under different experimental conditions. The DEP force is expressed in
picoNewtons (pN).

Measurements done by Dion Jetulahi showed a DEP force on a 15um diameter polystyrene bead
of 12.5 pN. This experiment was done using an older iteration of the optical setup and microfluidic chip,
and pure deionized water was used as the dielectric medium. By creating an advance optical setup
and microfluidic chip, we were able to push the maximum measured DEP force on the same type of
bead to 29 + 5 pN using deionized water with 0.05% Tween-20.
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4.3.2. Frequency range

The real part of the derived Clausius-Mossotti factor using the found conductivities and using the the-
oretical permittivities is shown in Figure 4.14. The orange lines denote the real part of the CM-factor
of the polystyrene beads. The blue lines denote the real part of the CM-factor of the PDMS microbot.
The dashed lines indicate the CM-factors using 0.05% Tween-20. This addition seems to decrease the
CM-factor at low frequencies for the beads and seems to shift the CM-factor to the right for the PDMS.
The CM-factor for the beads can be both positive and negative in theory. The CM-factor for the PDMS
microbots can only be negative and decrease in magnitude with increasing applied frequency. We
measured the frequencies when the microfluidic chip started to deteriorate due to electrolysis. These
measurements were done using different voltages, different Tween-20 concentrations, and different
microfluidic chips. The resulting "danger zones” are shown in Figure 4.14 as the red patches. The full
measurement data on the electrolysis can be found in Appendix D.4.
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Figure 4.14: The real part of the Clausius-Mossotti factor of both the polystyrene beads and the PDMS microbots in both pure
deionized water and deionized water containing 0.05% Tween-20, shown as dashed lines. The values of the CM-factor of the
beads are shown on the right vertical axis in orange. The values of the CM-factor of the microbots are shown in blue on the left
vertical axis. The red patches show the frequency regions where the chips started to deteriorate due to electrolysis.



Discussion

In this chapter, we critically reflect on the findings presented in Chapter 4 by benchmarking and eval-
uating the performance of the OET system to deepen our understanding of its underlying physical
principles, identify limitations in the current implementation, and uncover opportunities for further op-
timization. The discussion follows the structure of the results chapter: starting with the microfluidic
chip, moving to the optical setup, and concluding with the analysis of the dielectric particle and the
DEP force. For each component, we interpret the outcomes, assess their significance, and propose
concrete steps for improvement. In doing so, we lay the groundwork for future research toward more
precise, scalable, and accessible biomedical technologies.

5.1. Microfluidic chip

5.1.1. Benchmarking results

Discovering how to make the microfluidic chips for the OET was a task that took many days. Apply-
ing just a little too much force on a part of the chip often resulted in breaking it, making it unusable.
This was partly due to the fragility of the chip. When trying to remove a broken ITO cover slip, the
glass would break into more pieces, making it necessary to remove the layer of double-sided tape to
clear the debris. However, removing the double-sided tape often caused flakes of the a-Si:H photo-
conductive layer to come off as well, deteriorating the photoconductive properties. Using the improved
chip design removed the problem of the chip breaking during wiring, but it did not eliminate the risk of
breaking when placing the ITO cover glass on the tape, or when attaching the inlets to the cut-out holes.

The measured resistance of deionized water was previously benchmarked in the experiment [77].
The resulting conductivity of deionized water with 0.05% Tween-20 was found to be 35+ 6 uS/m, which
is 144 times lower than the conductivity reported in literature [8]. This discrepancy may be due to the
experimental setup: the voltage from the wire inside the fluid does not travel directly to the other wire,
but instead spreads across the small volume of fluid used in the measurement. This can also be due to
the 2-probe measurement used, which measures, besides the resistance of the medium, also the resis-
tances of the wires, probes, and contacts [100]. Nevertheless, this result confirms that the conductivity
increases when Tween-20 is added. Limitations of the experimental setup to measure the electrical
properties were also clearly visible in the experiments measuring the relative permittivities of materi-
als inside the microfluidic chip. Measuring the permittivity of the tape was successful. The difference
between the measured and theoretical value was only 4.3%. However, the measured capacitance of
the photoconductive layer was 115 times smaller than expected. A likely cause is that ambient light in
the lab partially activated the photoconductive layer, turning it into a capacitor with leakage current and
affecting the measurement. The same issue likely influenced the capacitance measurements of the
microfluidic chip filled with different dielectric media. The measured relative permittivity of water was
much higher than expected. We could not find reliable reference values for the relative permittivity of
water with low concentrations of Tween-20. Still, we expect it to be close to that of pure water, since
the concentration percentages are small.

73
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The reflectance of the ITO glasses was measured to be 15% + 4% across all measurements. This
corresponds well to the reflectance values found in literature, as shown in Figure 2.4. The difference
in reflectance between the ITO layer with the highest resistance and the one with the lowest resistance
is just over 2%, which is a very small variation. It is therefore justified to choose the ITO layer with the
lowest resistance in the design of the microfluidic chip, since its effect on the strength of the electric
field is proportionally greater than the impact of the slightly reduced transmittance.

The absorption coefficient of the a-Si:H appears to follow the same trend as the coefficients found
in literature, as can be seen in Figure 4.2. Due to the limitations of the power sensor, the absorption
coefficients theoretically higher than 1.1 x 107 m~! are clipped, resulting in a flat line at that value. The
main goal of this experiment was to determine which illumination source would be most suitable for
creating a well-functioning OET system. Based on the results, we can conclude that a light source with
the smallest possible wavelength in the visible spectrum should be used to generate a strong electric
field gradient, and therefore a strong DEP force [101]. We also conclude that, for imaging purposes,
a light source with the longest possible wavelength in the visible spectrum is preferred. Although this
results in a weaker DEP force, due to the reduced contrast in conductivity between illuminated and
non-illuminated areas, it allows for better visualization of the particles on the chip. The increase in
reflectance of a-Si:H above 60% for wavelengths longer than 715 nm is consistent with values reported
in literature [102]. To improve the accuracy of future measurements of the optical properties of a-Si:H,
a stronger initial illumination is needed. This would increase the detected signal on the power meter
and reduce measurement uncertainty.

5.1.2. Design opportunities

The microfluidic chip we designed in this thesis is a good starting point for creating a robust and reliable
workspace for manipulating the dielectric particle in the OET. That does not mean there is no room for
improvement; on the contrary. One area to explore is the wiring on the microfluidic chip, which could be
improved by redesigning the 3D chip holder. This holder could apply a gentle force on the top ITO mi-
croscope cover slip to ensure proper contact with the conductive tape. Currently, the weight of the chip
alone is not sufficient, causing it to hover just above the tape without closing the electrical circuit. To
attach the wires to the conductive tape. This might be achieved by soldering or gluing the wires onto the
conductive tape before placing the microfluidic chip. Another point of improvement lies in how the inlets
are attached to the chip. At the moment, they are glued on manually using two-component epoxy. This
occasionally results in small amounts of glue entering the channel, partially blocking it and preventing
microbots from moving in or out. This could be solved by creating a simple alignment tool that allows
precise placement of the inlets without exerting too much pressure, while still ensuring a leak-tight seal.

There is also room for improvement in the dimensionality of the microfluidic chip. We are currently
limited by the size of the ITO-covered microscope slides, which restricts the distance between the two
inlets. Suppose we want to use an additional objective with higher magnification and a larger numerical
aperture for fluorescence imaging. In that case, the objective must fit between the inlets to focus on
the particles. This means that, in order to enable fluorescence imaging, a larger microfluidic channel is
required. Another potential improvement is the use of double-sided tape with greater thickness. While
this reduces the electric field strength—and therefore the DEP force—it introduces the possibility of
three-dimensional particle manipulation [103]. The increased thickness also makes it harder for the
voltage to pass directly through the fluid from the photoconductive layer to the top electrode, resulting
in a capacitor with reduced leakage current [104].
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A third improvement that we can explore in future research is the use of a more complex pho-
toconductive layer. Mirthe Folkerts investigated the possibility of using a p-i-n junction a-Si:H layer,
which was also provided by the Else Kooi lab at Delft University of Technology [75]. A more advanced
photoconductive layer showed higher photoconductivity, which allows the OET system to function with
dielectric media that have higher conductivities, such as those used in research on biological cells [40].
Although the research was not yet sufficient for a fully functional OET, it provides a solid starting point
for expanding the usability of the system in healthcare-related applications. If we want to use the OET
setup to image living biological cells, we also need to be able to regulate the temperature of the dielec-
tric medium. This can be controlled by connecting a Peltier heater to the microfluidic chip [105]. An
additional improvement to the photoconductive layer could be the addition of a PEG layer to reduce
particle adhesion. While the amount of adhesion has already been reduced by adding 0.05% Tween-20
to the dielectric medium, PEGylation has shown promising results in literature [56].

5.2. Optical setup

5.2.1. Benchmarking results

The found magnifications in the optical setup all seem to match the magnifications calculated using
the theoretical focal lengths. The magnification from the chip to the camera has the largest relative
standard deviation. This is most likely because the objects seen in the microfluidic chip are defined
by the absence of light, rather than its reflection. The illumination used to measure the magnification
from the chip to the camera was the lamp with the red plastic filter, placed on the opposite side of the
microfluidic chip. This effect is most apparent in the measurement of the 15 um diameter polystyrene
beads. Due to the shadow cast by the beads on the chip, the beads appear slightly larger, resulting in
a slightly smaller calculated magnification.

The theoretical efficiency of the full system was estimated at 16%. An additional achromatic lens
with an efficiency of 80% was used during the measurement of the optical efficiency, lowering the theo-
retical efficiency of the full system to 13%. The measured optical efficiency using the Thorlabs M455D3
was found to match this value. The efficiency measured using the Roschwege HighPower LED Kon-
ingsblauw, however, was found to be below the theoretical estimate. One possible explanation is that
the Roschwege LED has a larger beam angle than the more expensive LED from Thorlabs, resulting
in a less collimated light beam and thus greater optical losses. Another reason for the discrepancy
could be the theoretical optical efficiency assumed for the DMD. The actual measured efficiency of the
DMD was around 15% lower than the value used in the calculations. The optical power density on the
microfluidic chip was measured to be 4.45 + 0.06 mW/cm? using the Roschwege LED, and 16.8 + 0.1
mW/cm? using the Thorlabs M455D3. The measured power density of the Thorlabs LED is about 7.5
times lower than the value reported in literature for effective microbot manipulation [15]. Since the pho-
toconductivity increases linearly with the optical power density, this could explain why the observed
DEP forces were lower than expected [36].

The measured lateral resolution of the optical setup was found to be close to the expected one us-
ing the average wavelength of the used TetraSpeck fluorescent beads. The corrected wavelength that
would have resulted from the measurement of the beads that were smaller than the found resolution is
found to be 544.6 + 5.4 nm. The reason why this wavelength is found to be smaller than the average
wavelength could be because more yellow-green and orange beads were measured than the dark red
colored ones, shifting the average to be smaller. Another reason could be that the bead dyes did not
have the same brightness to begin with. The found DoF was found to be larger than the theoretical DoF,
even when considering the corrected wavelength from the lateral resolution measurement. The reason
for this could be the inaccuracy in the z-stack. The micrometric screw was manually operated, leaving
a lot of possibility for introducing error. Another reason could be due to the beamsplitter inducing aber-
rations in the system, which depends on the distance [106]. We already saw in equation 2.46 that we
needed a correction term to determine the DoF of a system with a low NA. Together with inaccuracy in
the step size in the distance from the focal point, we find good evidence why this error is to be expected.
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The measured resolution of the created DMD squares increases with the number of pixels added
to the side length of these squares. The linear fit from Figure 4.6 shows that the projected square size
increases by 1.65 um for each added micromirror. We calculated that the size of a single micromirror
should be 1.7 + 0.6 ym on the microfluidic chip, which matches the linear fit very well. The average
maximum intensity with increasing DMD square size appears to converge toward the maximum grey
value, as seen in Figure 4.7. This is expected, since the PSFs of the pixels in the square overlap and
add up due to diffraction. The spatial distribution of the DMD projection, shown in Figure 4.8, indicates
that the DMD introduces a slight tilt aberration. This is not surprising, as the DMD was difficult to align
optically. The projection used to generate this distribution was made on a microfluidic chip containing a
photoconductive layer. Surface irregularities in the photoconductive layer, dust on the optical elements,
or small alignment errors could explain the observed random spatial irregularities in the projection.

5.2.2. Design opportunities

The objective we used had an NA of 0.1 and a magnification of 4X when combined with a 180 mm tube
lens. This works well for controlling microbots since they are relatively large. If we want to control more
microbots simultaneously, we could consider using a camera with a larger sensor. This would increase
not only the FoV of the camera, but also the FoV of the DMD. If we want more detailed imaging, we
could include a separate fluorescence microscope with higher magnification, imaging from the top of the
microfluidic chip to avoid the photoconductive layer. Since the blue LED does not excite fluorescence
very effectively, fluorescence imaging would not interfere with the current optical path. By using a sepa-
rate optical path, we could combine a wide FoV for control with high-magnification imaging for analysis.

The blue LED we used underperforms compared to the patterning illumination sources found in
literature. We can increase the photoconductivity by replacing it with a stronger light source to match
the state-of-the-art. To still be able to image the microfluidic chip properly, we can include a long-pass
filter to reduce the intensity of blue light reaching the camera sensor. This prevents oversaturation
and allows for better automatic tracking of the dielectric particles in the chip. Another way to improve
tracking is by aligning the camera and DMD frame rates. In our experiments, the framerates were not
synchronized, which resulted in frames where either the particles or the DMD pattern were missing. If
we manage to connect these two devices, we can control how many frames the DMD pattern is visible
per cycle. To reduce noise in the measurements, the optical setup should also be shielded from ambi-
ent light in the laboratory.

We can improve the overall optical setup by cleaning all optical elements and realigning them. To
make it easier to align the DMD, we can place it flat, facing downward on a lifted stage, so that it doesn’t
rotate due to the weight of its control board. Once fixed, the entire optical path from the DMD should
be positioned at the appropriate distance from it. We expect this to result in a more uniform intensity
distribution on the microfluidic chip and a reduction of diffracted stray light from the micromirrors. The
optical setup was built on a small working area, which challenged us to design it efficiently, but also
prevented us from using the minimal number of optical elements, which potentially introduced aberra-
tions. Therefore, a bigger working area is expected to improve the alignment and the optical efficiency.

To improve control over the DMD, we need to create more efficient input signals. The Python
script we developed for pre-made animations works well, but for real-time control, it consumes a lot of
memory, causing the computer to run out after a short time. To further automate the system, we can
replace the manually operated micrometric screw with a motorized stage. This would allow us to make
precise Z-stacks to find a more accurate DoF and automatically bring particles of interest into focus.
Another improvement would be to control the electrical signal using the same code as the DMD and
the camera. Centralizing this control would not only simplify the workflow but also make it possible to
safeguard regions from electrolysis by avoiding the dangerous input signals.
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5.3. Dielectric particle

5.3.1. Dielectrophoretic force

The main purpose of the OET was to create a controllable DEP force that moves dielectric particles.
Implementing this successfully for the microbots proved to be a significant challenge. Getting the robots
off the substrate in one piece took multiple attempts. We used three batches of microbots produced by
the Nanoscribe. Since the microbots had to be shipped from the University of Melbourne, each failed
attempt caused delays of several weeks before a new method could be tried. Using the final batch, we
were able to remove the microbots using the ultrasonic cleaner successfully, but increasing their con-
centration by carefully pipetting out water was not very successful. This could be because the robots
did not survive the centrifuge, or because they were lost in the pipetting process. The small number of
microbots we managed to get into a microfluidic chip was not all functional, which severely limited our
measurements. This was partly due to the microfluidic chips themselves not being operational. When
the robots were flushed out of faulty chips, they were lost in the process. In working chips, some robots
were stuck at the edges of the double-sided tape or adhered to the bottom, making them unusable for
OET measurements. In the end, we succeeded in getting a single microbot to move properly, which en-
abled the measurements presented in Section 4.3.1. Unfortunately, after a day, the dielectric medium
inside the functional chip had evaporated. When we carefully pipetted in new medium, the liquid did
not spread across the full chip, making the microbots unreachable.

The maximum measured DEP force on the microbot was found to be 500 + 30 pN when calculated
using the described equations of motion, or 103 + 7 pN when using the conversion factor from liter-
ature [8]. This measured DEP force using the conversion factor is roughly three times smaller than
the value reported in the literature. A noteworthy difference between our measurement and the one in
the literature is that they used an electrical signal at 20 kHz, which was not the optimal frequency in
our case, as shown in Figure 4.10. Additionally, their optical intensity was 7.5 times higher than ours.
They determined the DEP force by measuring the fluid velocity required to escape the OET trap. Since
we did not have access to a precise pump, we were unable to use the same method. Another factor
may have been the dielectric medium. Although they also used deionized water with 0.05% Tween-20,
the conductivity in their case was 5 mS/m and thus significantly higher than in our setup. The DEP
force measured on 15 ym beads in our system was 12.5 pN using deionized water in a chip of the
second design [74], and 29 + 5 pN using deionized water with 0.05% Tween-20 in a chip of the final
design. In literature, a DEP force of around 35 pN has been reported for beads of the same size [96].
This suggests that, with the improved chip design, our measurements are approaching the expected
values. The pattern used for bead manipulation in that study had an optical power density of 0.65
W/cm? [107], which is roughly 38 times higher than in our setup. This again could explain part of the
performance gap. An interesting observation with the polystyrene beads was that they appeared to be
attracted to the illuminated region from a much larger distance than expected based on the DEP range.
This gave the impression that the beads were being influenced by LACE, which is known to dominate
further away from the illuminated patterns [49]. The microbots, however, did not appear to respond to
this effect, suggesting that further investigation is needed.
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The effect of illumination power density was already apparent from Figure 4.12. For both the mi-
crobot and the polystyrene bead, the strength of the DEP force appears to increase with increasing
light intensity. The relative force on the bead seems to follow the same curve as the relative power out-
put of the LED. Interestingly, the relative force on the microbot shows a threshold behavior, increasing
rapidly at 83% intensity. To better understand the influence of pattern intensity, more measurements
are needed to map the exact shape of the intensity-response function in greater detail. The effect of
pattern size was investigated as shown in Figure 4.13. The bead was manipulated most effectively
using an illumination pattern of 30 DMD pixels. This observation aligns with findings in the literature,
where the DEP force was strongest using a 20-pixel pattern, after which the force decreased [108].
The more constant effect of pattern size on the microbot has also been observed in literature, where
the DEP force using a 30-pixel pattern was only slightly lower than that with 60 pixels [15].

The CM-factor shown in Figure 4.14 was measured for the beads in deionized water [74]. The atten-
uated CM-factor for beads in deionized water with 0.05% Tween-20 was estimated using the measured
conductivities of the dielectric particle and medium, assuming constant relative permittivity. This es-
timate was not verified experimentally by observing the effect on the DEP force of the beads. One
reason for this is that we avoided measuring too closely to regions where electrolysis occurs. This
window makes the DEP force on the beads appear only positive. When comparing the CM-factor to
the measured DEP forces in Figure 4.11, little correlation is found, making it difficult to assess how
accurately the CM-factor describes the frequency dependence of the DEP force. For the microbots,
the CM-factor was theorized to have negligible influence based on the dielectric properties of both the
medium and the microbot itself. As a result, verifying the CM-factor would require many more mea-
surements to reduce the standard deviation of the DEP force. The frequency regions at which chip
deterioration began were determined experimentally. No clear theoretical model was found in the liter-
ature for the behavior of deionized water with Tween-20 in a capacitor-like configuration. Electrolysis at
low frequencies was expected based on general electrochemical principles [17]. The deterioration ob-
served at higher frequencies was less anticipated, but we speculate that these frequencies may break
down the PEG in the water, releasing oxygen gas and forming bubbles in the dielectric medium. This
hypothesis needs to be supported by further research, including both theoretical justification and ex-
perimental confirmation. It is important to take these deterioration frequency zones into account when
applying different frequencies to an OET system, to avoid damaging and wasting functional microfluidic
chips.

5.3.2. Design opportunities

The DEP force measurements in this research were limited by the scarce number of working microfluidic
chips containing movable dielectric particles. Therefore, conducting more experiments with additional
chips of the same design, and with more movable dielectric particles, would already greatly increase
the accuracy and validity of the results. By applying the ultrasonic cleaner directly to the microbots
and submerging the substrate in less water, we could avoid the need to concentrate the microbots
manually. This would eliminate several processing steps and significantly increase the chances of re-
covering more functional microbots for use in the OET system. The measurements performed on the
microbots and beads using varying illumination intensities and pattern thicknesses should be repeated
with smaller step sizes to more precisely identify the actual dependencies. Another factor that is fre-
quently studied in the literature is the effect of voltage on the DEP force [8], [96], [107]. Measuring
this effect could help us benchmark the performance of our OET system more effectively. We could
also improve the comparability to the literature by modifying the experiment to include measurements
of the fluid velocity required to escape a DEP trap. This would require precise control of flow inside the
microfluidic chip, which could theoretically be achieved using closed-loop flow control with a pump.
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A measurement we wanted to explore was the effect of different microbot volumes, which would be
a valuable novelty in the literature. All current measurements on the microbot were performed using a
version with adhesion-reducing semispheres on its surface, making itimpossible to compare the results
to microbots without this surface adjustment. There are many possibilities for testing different designs
using the Nanoscribe, opening up a wide range of interesting experiments that could help in charac-
terizing and quantifying microbot design in great detail. The electrolysis measurements performed in
this research were entirely experimental, meaning there is a significant opportunity to contribute new
knowledge to this important aspect of the OET field. This could be better quantified by developing a
reusable setup, which would avoid destroying working microfluidic chips in the process.

Finally, to make it easie—and much faster—to translate the measured movement from an .avi file
into a calculated DEP force, we would need to implement a script that automatically and precisely tracks
the movement of the dielectric particles. For this to work, the microbots and beads must be clearly
visible and in focus. As discussed earlier, this requires synchronization between the framerate of the
DMD and the camera. In our experiments, we used a relatively simple sweep animation with varying
settings to measure the DEP force. However, the DMD offers a large degree of freedom in creating
patterns and, therefore, designing a wide variety of experiments. One idea is to precisely measure the
effect of the distance between a moving pattern and a moving dielectric particle on the resulting DEP
force. By measuring the DEP force under many different conditions, and by using a grey-box estimation
learning model, we could build an accurate representation of the dielectric particle within the OET setup
[109]. This would not only deepen our understanding of the system’s underlying dynamics, but also
enable the creation of accurate simulations. These simulations could be used to design and optimize
complex swarm control strategies for multiple printed microbots, serving as a strong catalyst in making
OET a viable tool for the envisioned next generation of healthcare technology.






Conclusion

In this research, we built a functional optoelectronic tweezer (OET) setup capable of dynamically ma-
nipulating PDMS-printed microparticles. The system required the design of a transparent microfluidic
capacitor, incorporating a photoconductive layer to enable active manipulation of the DEP force in the
OET. The dynamic control patterns were generated by a custom-designed optical setup, developed
to project specifically shaped light patterns onto the chip. The microparticle used in this study was an
adapted microgear robot, inspired by the design presented by Zhang et al. [8]. To evaluate the sys-
tem’s performance and conclude this research, we reflect on the main research question by addressing
the corresponding subquestions. These answers together form a well-reasoned and evidence-based
conclusion to the central research question.

1. How can an optoelectronic tweezer system be realized at TU Delft?

a. How can the optical system be aligned?
To align the optical system, we developed a custom alignment tool based on a red collimated
laser beam, which can be mounted on the Thorlabs cage system. This enabled precise place-
ment and focusing of each optical element in the beam path, verified directly through the cam-
era. To further improve alignment accuracy and reproducibility, we incorporated adjustable
mirrors, making the alignment of the DMD significantly more manageable.

b. Which illumination source is most optimal for the OET setup?

Based on insights from literature and experimental validation, we found that the photoconduc-
tive response of the chip was strongest when using light with a shorter (bluer) wavelength.
This informed our decision to select the most powerful available blue LED from Thorlabs,
operating at 455 nm, to serve as the optimal patterning light source. For imaging the entire
microfluidic chip without unintentionally exciting the photoconductive layer, we used a red-
filtered incandescent light source at 715 nm. This allowed sufficient contrast to visualize the
particles while minimizing interference with the DEP actuation.

¢. How can a working fluorescence microscope be integrated into the OET setup?
We demonstrated that the optical setup is suitable for fluorescence imaging by successfully
exciting fluorescent beads and capturing their emission using the existing OET system. The
excitation spectra of the beads showed minimal overlap with the illumination wavelength used
for DEP actuation, indicating that advanced fluorescence imaging can be performed without
interfering with OET functionality.
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6. Conclusion

d. How can the microfluidic chip be provided with the appropriate electric potential, fluid velocity,

and thermal stability?

The electrical potential was generated using an Agilent 33220A function generator and am-
plified with a Thurlby Thandar Instruments WA301 Wideband Amplifier, allowing voltages of
up to 30 Vpp. The function generator was configured to produce square waves at specific fre-
quencies, providing a stable and flexible voltage source for creating the electric fields required
for DEP manipulation. Fluid velocity within the microfluidic chip can be controlled using a sy-
ringe pump, which is connectable to the inlets, enabling precise flow regulation when needed.
Temperature control of the dielectric medium could, in theory, be achieved by integrating a
Peltier heater, allowing for localized heating or cooling of the chip environment.

An optoelectronic tweezer (OET) system, which consists of a custom-designed optical setup and
microfluidic chip, was successfully built at TU Delft. The system achieved a magnification of 4.2 +
0.2 from the chip to the camera, and 0.16 + 0.06 from the DMD to the chip. A single DMD pixel was
projected onto the microfluidic chip with a physical size of 1.7 + 0.6 ym. The resulting field of view
(FoV) of the optical system measured 1.67 + 0.09 mm by 1.23 + 0.07 mm. The optical efficiency
of the system, using a 455 nm blue LED, was measured at 12 + 0.8%. The lateral resolution,
determined using 1um TetraSpeck fluorescent beads, was found to be 3.4 + 0.1 ym, with a depth
of field (DoF) of 90 + 10 um. The electrical signal applied to the microfluidic chip was sufficient to
enable effective OET manipulation. Moreover, the DMD demonstrated high versatility in pattern
generation, making it a powerful tool for future advanced particle control and microbot applications.

2. How can a suitable microfluidic chip be developed for OET?

a. Which materials (conductive layer, photoconductive layer, medium, etc.) are suitable for use

in the OET chip?

For the transparent electrodes, ITO-coated microscope slides and coverslips were purchased
from Daimon Coatings Ltd., with a specified resistance of 8—-12 Q and a measured optical
transmittance of 15 + 4%. The photoconductive layer in the microfluidic chip consisted of a
1 um thick hydrogenated amorphous silicon film, with an absorption coefficient consistent with
values found in literature. As a dielectric medium, deionized water with 0.05% Tween-20 was
used to reduce particle adhesion. The measured conductivity of this solution was 35+ 6 uS/m.
The spacer layer in the microfluidic chip was realized using double-sided adhesive tape with
a measured thickness of 96 + 5 ym.

. What dimensions are appropriate for the microfluidic chip, considering the optical setup and

particles of interest?

To ensure sufficient space for the microbots to move freely and to minimize boundary inter-
actions, the microfluidic channel was designed with a length of 30 mm and a width of 9 mm.
These dimensions are significantly larger than both the microbots and the FoV, allowing for
extended manipulation without constraint.

. How can a reliable and reproducible fabrication method be established?

The initial microfluidic chips were prone to breaking, which led to several design iterations
aimed at improving their mechanical robustness. This process resulted in a larger chip with a
well-aligned channel that is easier to handle during assembly. To standardize the channel di-
mensions and improve fabrication consistency, two 3D-printed tools were developed to assist
in cutting and applying the double-sided adhesive tape. Additionally, to enable electrical con-
nection without applying pressure to the fragile glass, a 3D-printed chip holder was designed.
This holder uses conductive tape to establish contact with the electrodes, significantly reduc-
ing the risk of breakage during wire attachment.
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Five design iterations were performed to develop a robust and effective microfluidic chip for OET
applications, with each version improving the structural integrity and usable working area of the
chip. In total, 52 chips were fabricated over the course of the project. To support consistent
and efficient manufacturing, several 3D-printed tools were developed. These tools enabled more
accurate assembly and alignment, further enhancing the reliability and performance of the final
chip design.

3. How can the microbot be manipulated optimally in the OET system?

a. What are the optimal design parameters (size, material, geometry) for the microbots?

The dielectric particles manipulated in the system were commercially available 15 ym polystyrene
beads, allowing for straightforward verification and benchmarking of the initial OET setup. For
more advanced experiments, custom-shaped microparticles were used, designed to closely
match the dimensions of microgear microbots found in the literature. This enabled perfor-
mance benchmarking of the OET system with relevant micro-scale geometries. These mi-
crobots were fabricated using a NanoScribe two-photon polymerization system, which limits
the choice of materials but offers a high degree of design flexibility. The microbots were printed

in PDMS and featured small surface-mounted semispheres to reduce particle adhesion effects
during manipulation.

b. How can the characteristics of the microbots be measured to determine the DEP force acting
on them?
The equations of motion for the dielectric particles were derived using Newton’s second law in
combination with Stokes’ law. This allowed us to determine the DEP force based on the mea-
sured velocity and acceleration of the microbot. To enable benchmarking against literature, an
additional method was applied using a published conversion factor that relates particle speed
to DEP force. Particle motion was recorded on video, and the velocity and acceleration were
extracted by tracking the particle’s position frame by frame. Multiple reference points were
used to minimize measurement error and improve accuracy.

c. What are the ideal OET settings (voltage, frequency, illumination) for effective control?
Using an applied voltage of 30 Vpp, the DEP force acting on the microbot was found to peak
at a frequency of 4 kHz, with a noticeable decrease at higher frequencies. The strongest DEP
forces on the microbot were observed when both the optical power and the pattern thickness
were maximized. To avoid deterioration of the microfluidic chip due to electrolysis, frequencies
below 100 Hz and above 1 MHz should be avoided during operation.

d. How can appropriate patterning be implemented for precise microbot manipulation?
The pattern used to characterize the DEP force on the microbots in the OET setup was a
customizable sweep. This approach was straightforward to implement and analyze, allowing
for controlled variation in sweep velocity and pattern thickness. For more advanced, precise,
and dynamic control, future patterns could involve the formation of a closed boundary around
the microbot. By translating and rotating this boundary pattern across the field of view, the
microbot could be guided with higher spatial accuracy and increased flexibility.

The microbots used in this research featured a more advanced design compared to those reported
in the literature. This allowed for both meaningful benchmarking and a reduced likelihood of sur-
face adhesion during DEP manipulation. Applying a 4 kHz, 30 Vpp square-wave signal to the
microfluidic chip, combined with a sweep pattern of 120 DMD pixels at full optical power, resulted
in a measured DEP force of 500 + 34 pN using the equations of motion, and 103 + 7 pN using the
literature-based conversion factor. Under these conditions, the microbot was manipulated effec-
tively within the OET setup, indicating that these parameters are near-optimal for actuation using
the current system.
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This research marks the successful foundation of a new field of study at Delft University of Technol-
ogy, establishing a robust platform for future exploration into optoelectronic tweezer-based microsys-
tems. It serves as a pivotal starting point for a wide range of promising investigations that can contribute
directly to the advancement of next-generation healthcare technologies.

What began with the characterization of a single PDMS microbot now opens the door to building
accurate simulations of microbot dynamics within the OET environment. Such simulations will enable
complex control strategies, which are essential for the realization of advanced lab-on-chip systems. In
the long term, these microbots should be capable of handling and testing living cells, assessing their
function and suitability for biological research. This goal will influence future microparticle designs,
making them increasingly application-specific and better characterized for targeted use-cases.

Improvements can be made across several domains to unlock the potential of OET systems further.
The photoconductive layer should be optimized to support operation in high-conductivity environments
such as cell-culture media. The DEP force strength can be significantly increased by implementing a
more powerful patterning light source, enhancing the conductivity gradient, and resulting field gradients.
The optical setup itself should be upgraded to improve optical efficiency and incorporate fluorescence
microscopy for advanced real-time imaging.

As the system becomes more effective, it unlocks a world of possibilities—bringing us closer to a
future of faster, more accessible, and more affordable healthcare worldwide. The ability to accelerate
biological and medical experimentation holds the potential to save time, reduce costs, and most im-
portantly, save lives during future epidemics. This thesis not only demonstrates the feasibility of such
a system but also lays the groundwork for transformative innovations in biomedical technology at the
Delft University of Technology.
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A.1. Intensity Spectra
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Figure A.1: The light spectrum of the background in the lab where the OET setup is located. This measurement was done with
the main lights of the lab turned on.
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Figure A.2: The light spectrum of the initial blue LED used for patterning in the OET setup. This LED has a wavelength of 470
nm.
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Figure A.3: The light spectrum of the second blue LED used for patterning in the OET setup. This LED has a wavelength of 455
nm.
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Figure A.4: The light spectrum of the lamp used for imaging the full chip in the OET setup.
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Figure A.5: The light spectrum of the lamp with the red plastic filter, used for imaging the full chip in the OET setup.
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Figure A.6: The light spectrum of the laser used for experiments and collimation.
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A.2. Fluorescent Spectra
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Figure A.7: The emission spectrum of the blue FluoSphere color. The blue line shows the emission spectrum. The orange line
shows the Riemann sum. The dotted blue line is located at half of the total area under the emission spectrum, calculate using
the Riemann sum. This dotted blue line is located at the center of mass which is at 420 nm.
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Figure A.8: The emission spectrum of the yellow-green FluoSphere color. The blue line shows the emission spectrum. The
orange line shows the Riemann sum. The dotted blue line is located at half of the total area under the emission spectrum,
calculate using the Riemann sum. This dotted blue line is located at the center of mass which is at 532 nm.
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Figure A.9: The emission spectrum of the orange FluoSphere color. The blue line shows the emission spectrum. The orange
line shows the Riemann sum. The dotted blue line is located at half of the total area under the emission spectrum, calculate
using the Riemann sum. This dotted blue line is located at the center of mass which is at 566 nm.
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Figure A.10: The emission spectrum of the dark red FluoSphere color. The blue line shows the emission spectrum. The orange
line shows the Riemann sum. The dotted blue line is located at half of the total area under the emission spectrum, calculate
using the Riemann sum. This dotted blue line is located at the center of mass which is at 692 nm.
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A.3. Code for controlling the DMD

A.3.1. Creating the sweep animation

# import needed libraries for the code
import numpy as np
import time

# Set the DMD resolution/output size
width = 1920
height = 1200

# Set expected framerate of the DMD and thickness of the border
framerate = 72
d =2

# Set the time it takes for a sweep to one direction
sweeptime = 7

# Calculate the needed length of the image stack
frames = int (2*sweeptime*framerate)

# Set the FoV and the initial rectangular ring image
%, y = width // 2, height // 2
rangew, rangeh = 978, 736
block width, block height = rangew // 2, rangeh // 2
border = 30*d

img = np.zeros([height, width], dtype=np.uint8)

img[y - block height:y + block height, x - block width:x + block width] = 255
img[y - block height + border:y + block height - border, x - block width + border:x +
block width - border] = 0

# Create each frame of the sweep animation
rangex = 2*block width - 2*border
stepsize = rangex/ (frames/2)
sweepthick = 30*d

imgstack = np.zeros([frames, height, width], dtype=np.uint8)

# Create the animation from left to right
for 1 in range (int (frames/2)) :

imgloop = img.copy() # Copy the initial image
imglooply - block height:y + block height, x - block width + int(i*stepsize):x -
block width + int (stepsize*i) + sweepthick] = 255 # Add the sweep to the initial image
imgstack[i] = imgloop # Fill the imgstack with each sweep animation

# Create the animation from right to left
for 1 in range (int (frames/2)) :
imgloop = img.copy() # Copy the initial image

imglooply - block height:y + block height, x + block width - int(i*stepsize):x +

block width - int (stepsize*i) + sweepthick] = 255 # Add the sweep to the initial image
imgstack([int (i+frames/2)] = imgloop # Fill the imgstack with each sweep animation

# Save as numpy array. This sweep has a single sweeptime of 7s and a border of 2d thick
np.save (“sweepstack back 7s 2d.npy”, imgstack)

Listing A.1: Python code for creating the sweep animation.
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A.3.2. Showing the sweep animation on the DMD

# import needed libraries for the code
import numpy as np
import time
from ALP4 import ALP4 # Zorg ervoor dat deze import werkt

# Start a timer to verify the framerate of the sweep animation
start = time.time ()

# Laad the numpy array containing the sweep animation
imgstack = np.load(”sweepstack back 7s 2d.npy”)

# Settings of the sweep animation
framerate = 72 # set framerate of the sweepanimation

bitDepth = 1 # bitDepth is 1 because the DMD only has on/off states

# Convert the framerate to microseconds per frame

microsecond framerate = int(le6 / framerate)

sweepamount = 2 # Set how many times the sweepanimation needs to be repeated

timecalc = sweepamount*len (imgstack)/framerate # Calculate the needed runtime of full
animation

# Connect and intialise the DMD at version 4.3
DMD = ALP4 (version='4.3")
DMD.Initialize ()

# Go through each frame in the imported stack and show them after each other at the selected

framerate

j = 1 # start the counter of how many repetitions of the animation has been showed
startloop = time.time () # start the timer to check the duration of the animation
try:

while j <= sweepamount: # If there are repetitions of the animation to go
for 1 in range (len(imgstack)):
frame = imgstack[i] # Set the frame of the DMD to be a frame from the
imported numpy array

imgSeq = frame.ravel() # Change the image to a 1D array for the DMD

# Allocated memory on the DMD with the set bit depth
DMD.SegAlloc (nbImg=1, bitDepth=bitDepth)

# Send the frame to the DMD and run it
DMD. SegPut (imgData=imgSeq)
DMD.Run ()

# After the frame has been showed long enough, stop the frame and free the
memory
DMD.Halt ()
DMD.FreeSeq ()
j 4= 1 # If a full animation of the sweep has been showed, add 1 to the
repetition counter
print ("All frames of the animation has been showed on the DMD”)

finally:
# Disconnect the DMD from python
DMD.Free ()

# Check if the output framerate has been similar to the set framerate
endloop = time.time ()
print ("--—---—=-————-———— - ——— ")
print (f”Execution time: {endloop - startloop} seconds”)
print (£”The time should be: {timecalc} seconds”)
error = abs (endloop-start-timecalc)

calcframerate = sweepamount*len (imgstack)/ (endloop-start)
print (f”The error is: {error} seconds”)
print (£”The calculated framerate is: {calcframerate} frames per second”)

Listing A.2: Python code for showing the sweep animation on the DMD.
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A.3.3. Dynamically creat a ring animation on the DMD

1 # import needed libraries for the code
2 import numpy as np

3 import time

4 import tkinter as tk

5 from ALP4 import ALP4
6

7

8

9

# Connect and intialise the DMD at version 4.3
DMD = ALP4 (version=’4.3")
DMD.Initialize ()

11 # Set the resolution of the control using the sizes of the DMD
12 width, height = DMD.nSizeX, DMD.nSizeY

14 # Set the starting positions of the ring in the center of the DMD

15 %X, y = width // 2, height // 2 # Start at the center
16 radius = 1 # Initial outer radius of the ring
17 border thickness = 1 # Initial thickness of the ring

19 # Set the movement degrees of freedom
20 direction = {’Left’: False, 'Right’: False, ’'Up’: False, ’'Down’: False}

22 # Set the initial speed of the ring. This is in pixels per refresh
23 speed factor = 10

25 # Function to create a ring with the set position, outer radius and border thickness

26 def plot circle on dmd(x, y, radius, border thickness):

27 # Create an initial black and white image

28 img = np.zeros([height, width], dtype=np.uint8)

29

30 # Draw the circle on the DMD. The lower left corner is the origin

31 for i in range(x - radius, x + radius):

32 for j in range(y - radius, y + radius):

33 # Calculate the distance of each point to the center of the ring

34 distance = np.sgrt((i - x) ** 2 + (J - y) ** 2)

35

36 # Only make the point in the matrix white if is part of the ring

37 # So the distance must be greater than the inner radius and smaller than the
outer radius

38 if distance <= radius and (distance >= radius - border thickness):

39 # Only make parts of the image white if the are part of the DMD size

40 if 0 <= 1 < width and 0 <= j < height:

41 img[j, i] = 255

42

43 # Ensure the DMD is ready to recieve and image

44 if hasattr(plot circle on dmd, "has_run”):

45 DMD.Halt ()

46 DMD.FreeSeq()

47 plot_circle_on_dmd.has_run = True

48

49 # Send the image to the DMD

50 DMD.SegAlloc (nbImg=1, bitDepth=1) # Allocated memory on the DMD with the set bit
depth

51 DMD. SegPut (imgData=img.ravel ()) # Change the image to a 1D array for the DMD and
send it to the DMD

52 DMD. SetTiming (pictureTime = 100000) # Select how many microseconds each image needs
to be showed

53 DMD.Run() # Start the DMD

54
55 # This function creates the circle and moves it using the set radii

56 def move circle():

57 # Import global variables

58 global x, y, last move time

59

60 # Calculate how much time has passed to known when a new input can be assigned.
61 # This prevents overflow of input after a keypress

62 current time = time.perf counter ()

63 time diff = current time - last move time

64
65 # Change the speed dynamically of the ring depending on its size
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time per pixel = (speed factor /

(1000.0 * radius))

# Ensure the movement of the ring keeps the same speed independent of the ring size

time per pixel = max(time_per_ pixel,

# If enough time has passed,
if time diff >= time per pixel:

0.005)

register a key as pressed

# If the left arrow key has been pressed on the keyboard, move the ring left

if direction[’Left’]:
x -=1

# If the right arrow key has been pressed on the keyboard,

elif direction[’Right’]:
x += 1

move the ring right

# If the up arrow key has been pressed on the keyboard, move the ring up

elif direction[’Up’]:
y =1

# If the down arrow key has been pressed on the keyboard, move the ring down

elif direction[’Down’]:
y +=1

# Update the circle with the new center coordinates and radii

plot circle on dmd(x, vy,

radius, border thickness)

# Update the timer for registering keypresses

last move time = current time

# Print the status of the parameters on the GUI

position label.config(text=f”Position:
radius label.config(text=f”Radius:
border label.config(text=f”Border Thickness:
speed_label.config(text=f”Speed Factor:

(=}, {yh)")

{radius}”)

{border thickness}”)
{speed factor}”)

# Function to register key presses and assign what happens if specific keys are pressed

def on key press(event):

global direction, radius, border thickness, speed factor

if event.keysym == ’'Left’:
direction[’Left’] = True
direction[’Right’] = False
direction[’Up’] = False
direction[’Down’] = False

elif event.keysym == ’'Right’:

direction[’Left’] = False
direction[’Right’] = True
direction[’Up’] = False

direction[’Down’] = False

elif event.keysym == ’Up’:

direction[’Left’] = False
direction[’Right’] = False
direction[’Up’] = True
direction[’Down’] = False

elif event.keysym == ’Down’:
direction[’Left’] = False
direction[’Right’] = False
direction[’Up’] = False
direction[’Down’] = True

elif event.keysym == 'p’: # Increase
radius += 1

elif event.keysym == ’'0’: # Decrease
radius -=1

elif event.keysym == 'm’: # Decrease
border thickness += 1

elif event.keysym == ’'n’: # Increase
border thickness -= 1

elif event.keysym == 'u’: # Increase
speed_factor += 1

elif event.keysym == ’'y’: # Decrease
speed_factor = max(1l, speed factor - 1)

# Function to release the key presses
def on_key release(event):
global direction
if event.keysym == ’'Left’:

the

the

the

the

the

the

outer radius if p is pressed

outer radius if o is pressed

inner radius if m pressed

inner radius if n is pressed

speed with 1 pixel per step if u is pressed

speed with 1 pixel per step if y is pressed
# The minimal speed is 1 pixel per step
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direction[’Left’] = False
elif event.keysym == ’'Right’:
direction[’Right’] = False
elif event.keysym == ’Up’:
direction[’Up’] = False
elif event.keysym == ’Down’:
direction[’Down’] = False

# Create a GUI for moving the circle.

# The GUI shows the parameters of the circle movement

# If the GUI is closed, the DMD disconnects automatically
root = tk.Tk()
root.bind (”“<KeyPress>"”, on_key press)
root.bind(”<KeyRelease>"”, on_key release)

# Print the labels of the parameters and update them
position label = tk.Label (root, text=f”Position: ({x}, {y})”)
position label.pack()

radius_label = tk.Label (root, text=f"”Radius: {radius}”)
radius_ label.pack ()

border label = tk.Label (root, text=f”Border Thickness: {border thickness}”)
border label.pack()

speed label = tk.Label (root, text=f”Speed Factor: {speed factor}”)
speed label.pack()

# Start the key press for the move circle function
last move time = time.perf counter()

# Update the circle every 5 ms
def update() :
move circle ()
root.after (5, update)

update ()

# Start the GUI and the circle animation
root.mainloop ()

# Free and close the DMD when closing the GUI
DMD.Halt ()
DMD.FreeSeq ()
DMD.Free ()

Listing A.3: Python code for creating a ring on the DMD that can be dynamically controlled using key presses.



B.1. Microfluidic chip

B.1.1. The thickness of the double-sided tape

1 foil + 1 tape Foil Tape
1 0.17 mm 0.09 mm 0.08 mm
2 0.17 mm 0.09 mm 0.08 mm
3 0.16 mm 0.09 mm 0.07 mm
4 0.17 mm 0.08 mm 0.08 mm
5 0.17 mm 0.10 mm 0.08 mm
Average | 0.1680 mm | 0.0900 mm | 0.0780 mm
Std 0.0045 mm | 0.0071 mm | 0.0045 mm
Calculated foil thickness: 0.0780 mm
Calculated tape thickness: 0.0900 mm

Results

Table B.1: Measurements of the thickness of a single strip of double-sided tape. The first 5 measurements were done on the
tape with the protective foil attached. The second measurement was done on only the sticky tape and the third measurement
was done on only the protective foil. The calculated foil thickness was done by subtracting the measured the tape thickness from

the measured tape+foil thickness.

2 foil + 2 tape | 1 foil + 2 tape 2 tape
1 0.36 mm 0.27 mm 0.20 mm
2 0.35 mm 0.28 mm 0.20 mm
3 0.36 mm 0.28 mm 0.20 mm
4 0.35 mm 0.28 mm 0.20 mm
5 0.36 mm 0.28 mm 0.20 mm
Average | 0.3560 mm 0.2780 mm | 0.2000 mm
Std 0.0055 mm 0.0045 mm | 0.0000 mm
Calculated foil thickness: 0.0780 mm
Calculated tape thickness: 0.1000 mm

Table B.2: Measurements of the thickness of a 2 pieces of tape stuck together with their sticky sides together. The first 5
measurements were done on the 2 tapes with the protective foils attached. The second measurement was done with one piece
of foil removed and the third measurement was done without any protective foil. The calculated foil thickness was done by

subtracting the measured the "1 foil + 2 tape” thickness from the measured "2 foil + 2 tape” thickness.
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2 foil + 2 tape | 1 foil + 2 tape
1 0.35 mm 0.27 mm
2 0.36 mm 0.27 mm
3 0.34 mm 0.27 mm
4 0.33 mm 0.28 mm
5 0.35 mm 0.26 mm
Average | 0.3460 mm 0.2700 mm
Std 0.0114 mm 0.0071 mm
Calculated foil thickness: 0.0760 mm
Calculated tape thickness: 0.0970 mm

Table B.3: Measurements of the thickness of a 2 pieces of tape stuck together with the sticky side of 1 piece of tape on to foil of
the tape. The first 5 measurements were done on the 2 tapes with the protective foils attached. The second measurement was
done with one piece of foil removed. The calculated foil thickness was done by subtracting the measured the "1 foil + 2 tape”
thickness from the measured "2 foil + 2 tape” thickness.
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B.1.2. The electrical resistances of the microfluidic chip components

Measurement | Glass 1 Glass2 | Glass3 | Glass 4 Noise
1 14.634 0 | 13.787 Q | 13.664 Q | 13.975Q | 0.204 Q
2 14.927 0 | 15.682 Q | 13.420Q | 13.123Q | 0.192 Q
3 13.492 0 | 13.924 0 | 14.214Q | 12971 Q | 0.190 Q
4 146820 | 13.964 Q | 13.907 Q | 13.036 Q | 0.191 Q
5 - - 16.096 Q | 13.112Q | 0.192 Q
Average 14434 Q0 | 14.339Q | 14.260 Q | 13.243Q | 0.194 Q
Std 0.6410Q | 0.898 Q 1.068Q | 0.414Q | 0.006 Q

Table B.4: Resistance measurements for different 8-12 Q ITO glass samples and noise levels.

Measurement | Wire1 | Wire2 | Wires + Strip
1 2.635Q0 | 1.832 0 6.294 Q

2 28130 | 1489 Q 5.834 Q

3 2.784 0 | 1.480 Q 2.884 O

4 3.065Q | 1.423 Q 4.784 QO

5 3.003Q | 1.273 Q 4.532 Q

6 2127 Q - 8.562

7 2.492 O - -
Average 2.703 Q | 1.499 Q 5.482 O
Std 0.322 0 | 0.205 Q 1.919 0

Table B.5: Resistance measurements of the wires and conductive tape used for supplying electricity to the microfluidic chip, with

all values in Ohms (Q).
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Deionized water

Measurement 29 mm 23 mm 3 mm

1 2.19 x 10° Q 1.82 x 10° Q 1.07 x 10° Q
2 2.09x 10° Q 1.77 x 10° Q 1.07 x 10° Q
3 2.11x10° Q 1.72 x 106 Q 1.06 x 10% Q.
4 2.00 x 10° Q 1.71 x 10 Q 1.06 x 10° Q
5 2.27 x 10° Q 1.71 x 10% Q 1.06 x 10° Q

6 212 x10°Q - -
Average 2.13x10° Q 1.75 x 106 Q. 1.06 x 10° Q.
Std 9.06 x 10* Q 5.07 x 10* Q 6.98 x 103 O

Average (Q/m) | 7.34 x 107 Q/m | 7.94 x 107 Q/m | 3.55 x 108 Q/m
Std (0/m) | 3.12x 10° /m | 1.75 x 106 Q/m | 2.41 x 105 O/m

Table B.6: Resistance measurements in deionized water at different distances. All values are in Ohms (), except the last two
rows in Ohms per meter (2/m).

Deionized water + 0.05% Tween-20

Measurement 29 mm 23 mm 3 mm

1 2.97 x 10° Q 2.90 X 10° Q 2.03 x10° O

2 3.00 x 105 Q 2.84 % 10° Q 2.06 X 105 Q

3 3.05 x 10° Q 2.44 x 105 Q 2.22x10°% Q

4 2.97 x 10° Q 2.37 X105 Q 2.14 x 10° Q

5 3.04 x 10° Q 2.42 %105 Q 2.09 x 10° O

6 3.06 x 10° Q 2.47 x 105 Q 2.08 x 10° Q

7 3.05x 10° Q 2.35x 10° Q 2.16 x 10° Q
Average 3.02 x 10° Q 2.54 x 10° Q 211 x10° Q
Std 3.86 x 103 Q 2.30 x 10* Q 6.58x 103 O

Average (Q/m) | 1.04 x 107 O/m | 1.15 x 107 Q/m | 7.04 X 107 Q/m
Std (@/m) | 133 x 105 O/m | 7.93 x 105 Q/m | 2.27 x 10° /m

Table B.7: Resistance measurements in deionized water with 0.05% Tween-20 at different distances. All values are in Ohms
(Q), except the last two rows in Ohms per meter (Q/m).

Deionized water + 5% Tween-20
Measurement 29 mm 23 mm 3 mm
1 1.31x 10° Q 1.00 x 10° Q 7.20 X 10* Q
2 1.31 x 10° Q 1.01 x 10° Q 7.21 x 10* Q
3 1.31x 10° Q 1.07 x 10> Q 7.21 x 10* Q
4 1.30 X 10° Q 1.07 X 105 Q 721 x10* Q
5 1.30 X 10° Q - 7.22 x 10* Q
6 - - -
7 - - -
Average 1.30 X 10° Q 1.04 x 10° Q 7.21 x 10* Q
Std 433 x10% O 3.80 x 10% Q 5.95 x 10! Q
Average (Q/m) | 4.50 x 10® Q/m | 4.72 x 10° Q/m | 2.40 x 107 Q/m
Std (Q/m) 1.49 x 10* O/m | 1.31 x 105 O/m | 2.05 x 103 O/m

Table B.8: Resistance measurements in deionized water with 5% Tween-20 at different distances. All values are in Ohms (Q),
except the last two rows in Ohms per meter (Q/m).
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B.1.3. Capacitance of tape

Chip 1 Chip 2
A 4.68 x 107* m? 492 x 10~* m?
d 9,57 x 107> m 9.57x 107> m
€0 8.85x 1072 F/m | 8.85 x 10712 F/m
Measurement Capacitance Capacitance Noise
1 143 x 1071°F 1.74 x 10710 F 1.90 x 10711 F
2 1.38x 10710 F 1.73x1071°F | 1.30x 1071 F
3 140 x 10710 F 1.69 x 10710 F 1.20 x 10711 F
4 143 x 10710 F 1.68 x 10710 F 431x1071 F
5 1.39 x 107 1°F 1.68 x 10710 F 214 x 10711 F
Average 1.41x 10710 F 1.70x 1071 F | 217 x 1071 F
Std 230x 10712 F 2.88x 10712 F 1.26 x 10711 F
Derived € 287 x 107 F/m | 3.31 x 107 F/m
Derived e, 3.24 3.74

Table B.9: Capacitance measurements for 2 small ITO covered microscope coverslips sandwiching a small single layer of double-
sided tape. The relative permittivity is calculated using the formula of the capacitance from equation 3.3.
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B.1.4. Capacitance photoconductive layer

Chip 1 Chip 2

A 7.27 x 10™* m?2 7.33 x 107* m?
dg 1.00 X 1076 m 1.00 X 10~¢ m
diape 9.57 x 1075 m 957 x 1075 m
€0 8.85 x 10712 F/m | 8.85 x 10712 F/m
Measurement Capacitance Capacitance
1 1.71 x 10710 F 1.76 x 10710 F
2 1.72 x 10710 F 1.75 x 10~1° F
3 1.70 x 1071° F 1.77 x 10710 F
4 1.70 x 10710 F 1.75x 10710 F
5 1.71x 10710 F 1.74 x 10710 F
6 1.72 x 10710 F 1.75 x 10710 F
7 1.69 x 10710 F 1.77 x 10~1° F
Mean 1.71x 10710 F 1.76 x 10710 F
Std 111 x 1072 F 113 x 10712 F
Etape 3.49 3.49

Ctape 235x 10710 F 237 x 10710 F
CLPL =2- é 1.60 x 10° F~1 | 1.48x10° F!
CpL 6.26 x 10710 F 6.78 x 1010 F
Derived € 8.61x 107 F/m | 9.24 x 1073 F/m
Derived e, 0.097 0.104

Table B.10: Capacitance measurements for a ITO covered microscope slide and a ITO covered coverslip, sandwiching a small
single layer of double-sided tape and a 1um layer of a-Si:H. The relative permittivity is calculated using the formula of the

capacitance from equation 3.3.
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B.1.5. Capacitance medium

Chip 2 Empty Deionized water | Deionized water + 5% Tween-20
€o 8.85x 1072 F/m | 8.85x 10712 F/m 8.85 x 10712 F/m
drape 9.57 x 10~° m 9.57 x 10~° m 9.57 x 1075 m
Atotal 8.00 x 10™* m? 8.00 x 10™* m? 8.00 x 10™* m?
Achannel 2.70 X 10~* m? 2.70 X 10~* m? 2.70 X 10~* m?
Atape 5.30 x 10~* m? 5.30 x 10~* m? 5.30 x 10~* m?
€tape 3.5 3.5 3.5

Ctape 1.72x 10710 F 1.72x 10710 F 1.72x 10710 F
dpL 1.00 X 107® m 1.00 X 107® m 1.00 X 107° m
Ahole 7.07 X 107® m? 7.07 X 107® m? 7.07 X 107° m?
ApL. effective 7.86 x 10~* m? 7.86 x 10~* m? 7.86 X 10~* m?
Esilicon 11 11 11

Casilicon 7.65x 1078 F 7.65x 1078 F 7.65x 1078 F
Achannel. effective 2.56 x 107 m? 2.56 x 10™* m? 2.56 x 107* m?
Measurement Capacitance Capacitance Capacitance

1 419x107°F 544 x107°F 462x107°F
2 419x107°F 536 x 107°F 471x107°F
3 422%x107°F 5.80 x 10° F 496 x107° F
4 438x107°F 542 x107¢F 482%x107°F
5 428x107°F 546 x 107 F 500x 107 F
6 435x107°F 5.61x107°F 5.08 x 107° F
Average 427 x107°F 551x 107°¢F 486 X 107°F
Std 836x 1078 F 1.62x 1077 F 1.80 x 1077 F
(Ctape + Crmedium) ™t | —1.28x 107 F~1 | —129x 107 F~! —1.29 x 107 F~1
Crmedium —7.81x 1078 F —7.78 x 1078 F —7.79x 1078 F
Derived € —2.92x 1078 F/m | —2.91 x 1078 F/m —2.91x 1078 F/m
Derived e, —3299.50 —3286.00 —3292.17

Table B.11: Capacitance measurements of functional OET microfluidic chip number 2. The capacitance measurements were
done using deionized water, deionized water with 5% Tween-20, and with air present in the microfluidic chip. The relative

permittivity is calculated using the formula of the capacitance from equation 3.3.
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Chip 3 Empty Deionized water
€o 8.85x 1072 F/m | 8.85x 10712 F/m
diape 9.57 X 1075 m 9.57 x 1075 m
Agotal 8.00 X 10~* m? 8.00 x 10™* m?
Achannel 2.70 x 10™* m? 2.70 x 10~* m?
Atape 5.30 X 10~* m? 5.30 X 107* m?
€tape 3.5 3.5

Ctape 1.72x 10710 F 1.72x 10710 F
dp 1.00x 107® m 1.00 X 107® m
Anole 7.07 X 107® m? 7.07 X 1076 m?
APL. effective 7.86 x 10™* m? 7.86 x 10~* m?
Esilicon " 1

Csilicon 7.65 x 1078 F 7.65 x 1078 F
Achannel. effective 2.56 x 10™* m? 2.56 x 10™* m?
Measurement Capacitance Capacitance

1 1.72 x 10710 F 223x107¢F
2 1.73 x 10710 F 2.82x107°F
3 1.73x 10710 F 2.66 x 107° F
4 1.73x 10710 F 2.84x107°F
5 1.69 x 10710 F 1.18x 107 F
6 1.69 x 10710 F 213x107°F
Average 1.72x 10710 F 231x107°F
Std 1.97 x 10712 F 6.30%x 1077 F
(Ctape + Crmedium) ™1 | 5.82x 10° F71 | —1.26 x 107 F~¢
Crmedium 2.64 x 10713 F —793x 1078 F
Derived € 9.86 x 107 F/m | —2.97 x 108 F/m
Derived ¢, 0.01 —3351.27

Table B.12: Capacitance measurements of functional OET microfluidic chip number 3. The capacitance measurements were
done using deionized water, and with air present in the microfluidic chip. The relative permittivity is calculated using the formula
of the capacitance from equation 3.3.
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Chip 10 Empty Deionized water + 0.05% Tween-20
€0 8.85 x 10712 F/m 8.85 x 10712 F/m
drape 9.57x 107> m 9.57x 1075 m
Atotal 8.00 x 10™* m? 8.00 X 10~* m?2
Achannel 2.70 x 10~* m? 2.70 x 10™* m?
Atape 5.30 X 10~* m? 5.30 X 10~* m?
€tape 3.5 3.5

Ctape 1.72x 10710 F 1.72x 10710 F
dp 1.00 X 107® m 1.00 X 107® m
Anole 7.07 X 107® m? 7.07 X 107° m?
APL. sffective 7.86 x 10 m?2 7.86 x 10~* m?
Esilicon 1 11

Csilicon 7.65 x 1078 F 7.65x 1078 F
Achannel, effective 2.56 x 107 m? 2.56 x 107* m?
Measurement Capacitance Capacitance

1 1.50 x 10710 F 1.73x 107 F
2 1.51 x 10710 F 215x 107 F
3 1.48 x 10710 F 1.99 x 107 F
4 1.51 x 10710 F 1.88x 107° F
5 1.51 x 10710 F 191 x107°F
6 1.51 x 10710 F 191 x 107 F
Average 1.50 x 10710 F 193 x107°F
Std 1.24 x 10712 F 1.38x 1077 F
(Ctape + Crmedium) ™" 6.63 x 10° F~1 —1.25x 107 F~1
Crmedium —2.09x 10711 F —7.99%x 1078 F
Derived € —7.80 x 10712 F/m —2.99 x 1078 F/m
Derived e, —0.88 —3374.15

Table B.13: Capacitance measurements of functional OET microfluidic chip number 10. The capacitance measurements were
done using deionized water with 0.05% Tween-20, and with air present in the microfluidic chip. The relative permittivity is
calculated using the formula of the capacitance from equation 3.3.
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Chip 11 Empty Deionized water + 0.05% Tween-20
€0 8.85 x 10712 F/m 8.85 x 10712 F/m
diape 9.57x 107> m 9.57x 1075 m
Agotal 8.00 x 107* m? 8.00 x 10~* m?2
Achannel 2.70 x 10™* m? 2.70 x 10™* m?
Atape 5.30 X 10~* m? 5.30 X 10~* m?
€tape 3.5 3.5

Ctape 1.72x 10710 F 1.72x 10710 F
dp 1.00 X 107® m 1.00 X 107® m
Anole 7.07 X 107® m? 7.07 X 107° m?
APL. effective 7.86 x 10™* m? 7.86 x 10~* m?
Esilicon 1 11

Casilicon 7.65 x 1078 F 7.65x 1078 F
Achannel, effective 2.56 x 10™* m? 2.56 x 107* m?
Measurement Capacitance Capacitance

1 1.01 x 10710 F 1.74 x 107 F
2 9.84x 10711 F 1.75x 107 F
3 1.01 x 10710 F 1.76 X 107 F
4 1.00 x 10710 F 1.78 x 107° F
5 1.00 x 10710 F 1.81x107°F
6 9.74 x 10711 F 1.85x 107 F
Average 9.96 x 10711 F 1.78 x 107 F
Std 141 x 10712 F 411x 1078 F
(Ctape + Crmedium) ™ | 1.00 x 101 F~1 —1.25 x 107 F~1
Crmedium ~719x 10711 F —8.01x1078F
Derived € —2.69 x 10711 F/m —3.00 x 1078 F/m
Derived e, —3.04 —3385.48

Table B.14: Capacitance measurements of functional OET microfluidic chip number 11. The capacitance measurements were
done using deionized water with 0.05% Tween-20, and with air present in the microfluidic chip. The relative permittivity is
calculated using the formula of the capacitance from equation 3.3.
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B.2. Reflection

B.2.1. Reflection of ITO glass using 470 nm LED

Thorlabs MC470L3-C1

Measurement Iy (NW) Noise (nW)

1 6.68 X 10 nW | 8.30 x 10! nW
2 6.70 x 106 nW | 8.20 x 10 nW
3 6.69 X 10° nW | 8.10 x 10* nW
4 6.68 x 10° nW | 8.10 x 10 nW
5 6.68 X 10° nW | 8.00 x 10! nW
6 6.68 X 10° nW | 8.00 x 10! nW
7 6.68 x 10° nW | 8.50 x 101 nW
8 6.68 x 10° nW | 8.40 x 10 nW
9 6.70 X 10° nW | 8.40 x 10* nW
10 6.69 X 10° nW | 8.50 x 10! nW
Average 6.69 X 10° nW | 8.25 x 10* nW
Std 8.43 x 103 nW | 1.96 x 10° nW

Table B.15: Intensity measurements of the incoming light I, and noise in nanowatts for Thorlabs MC470L3-C1 with a wavelength
of 470 nm.

ITO 8-12 Q (470 nm)
Glass 1 Glass 2 Glass 3
I, I I, I I, I
5.76 X 10 nW | 9.26 x 105 nW | 5.66 x 106 nW | 1.03 x 10° nW | 5.65 x 10° nW | 1.04 x 10® nW
5.76 X 10 nW | 9.26 x 10° nW | 5.66 x 106 nW | 1.03 x 10° nW | 5.65 x 10° nW | 1.04 x 10® nW
5.78 x 10° nW | 9.06 X 105 nW | 5.67 X 10° nW | 1.02 X 10° nW | 5.65 X 10° nW | 1.04 x 10° nW
5.77 X 10° nW | 9.16 X 105 nW | 5.69 X 10° nW | 9.96 x 10° nW | 5.71 x 10° nW | 9.76 x 105 nW
5.76 x 10 nW | 9.26 x 105 nW | 5.67 X 10® nW | 1.02 x 10° nW | 5.69 x 10° nW | 9.96 x 105 nW
5.76 x 10 nW | 9.26 x 10° nW | 5.66 x 10® nW | 1.03 x 10® nW | 5.66 x 10° nW | 1.03 x 10® nW
5.76 x 10 nW | 9.26 x 105 nW | 5.66 x 106 nW | 1.03 x 10° nW | 5.65 x 10° nW | 1.04 x 10® nW
5.76 X 10 nW | 9.26 x 10° nW | 5.66 x 10 nW | 1.03 x 10° nW | 5.65 X 10° nW | 1.04 x 10® nW
5.76 X 10 nW | 9.26 X 105 nW | 5.66 X 10° nW | 1.03 X 10° nW | 5.65 X 10° nW | 1.04 x 10° nW
0 5.76 X 10 nW | 9.26 X 105 nW | 5.65 x 10° nW | 1.04 x 10° nW | 5.65 X 10° nW | 1.04 x 10° nW
Avg. | 5.76x10°nW | 9.23 x 10° nW | 5.66 X 10° nW | 1.02 x 10° nW | 5.66 x 10° nW | 1.03 x 10 nW
Std 6.75 x 103 nW | 6.75 x 103 nW | 1.07 x 10* nW | 1.07 x 10* nW | 2.13 x 10* nW | 2.13 x 10* nW
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Table B.16: Intensity measurements to measure the transmitted intensity I, and reflected intensity I,. in nanowatts for different
8-12 Q glass samples at 470 nm.
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ITO 15-30 Q (470 nm)

Glass 1

Glass 2

Glass 3

=
o
Q
7

Iy (nW)

I (nW)

Iy (nW)

I (nW)

Iy (nW)

I (nW)

o ~NOoO OB WOWN -
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5.30 x 10® nW
5.30 x 10° nW
5.30 x 10® nW
5.36 x 10® nW
5.32 x 10® nW
5.31 x 10® nW
5.31 x 10® nW
5.30 x 10® nW
5.30 x 10® nW
5.30 x 10° nW

1.39 x 10 nW
1.39 x 10 nW
1.39 x 10 nW
1.33 x 10° nW
1.37 x 10° nW
1.38 x 106 nW
1.38 x 10 nW
1.39 x 10 nW
1.39 x 10 nW
1.39 x 10 nW

5.36 X 10® nW
5.36 x 10° nW
5.36 x 10° nW
5.36 x 10® nW
5.42 x 10® nW
5.39 x 10® nW
5.37 x 10® nW
5.36 x 10° nW
5.36 x 10° nW
5.36 x 10° nW

1.33 x 10° nW
1.33 x 10% nW
1.33 x 10% nW
1.33 x 10° nW
1.27 x 106 nW
1.30 x 106 nW
1.32 x 10° nW
1.33 x 10° nW
1.33 x 10° nW
1.33 x 10 nW

5.36 X 10® nW
5.37 x 10® nW
5.37 x 10® nW
5.37 x 10® nW
5.37 x 10® nW
5.45 x 106 nW
5.41 x 10® nW
5.38 x 10° nW
5.37 x 10® nW
5.37 x 10® nW

1.33 x 10° nW
1.32 x 10% nW
1.32 x 10% nW
1.32 x 10° nW
1.32 x 10° nW
1.24 x 106 nW
1.28 x 10 nW
1.31 x 10% nW
1.32 x 10% nW
1.32 x 10 nW

Avg.
Std.

5.31 x 10° nW
1.89 x 10* nW

1.38 X 10 nW
1.89 x 10* nW

5.37 x 10° nW
2.00 x 10* nW

1.32 X 10% nW
2.00 x 10* nW

5.38 x 10° nW
2.74 x 10* nW

1.30 X 10 nW
2.74 x 10* nW

Table B.17: Intensity measurements to measure the transmitted intensity I; and reflected intensity I,- in nanowatts for different
15-30 Q glass samples at 470 nm.

ITO 70-100 Q (470 nm)

Glass 1

Glass 2

Glass 3

=
©
Q
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Iy (nW)

I, (nW)

Iy (nW)

I, (W)

Iy (nW)

I, (nW)
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5.80 x 10® nW
5.79 x 10® nW
5.79 x 106 nW
5.80 x 10® nW
5.82 x 10® nW
5.81 x 10° nW
5.81 x 10° nW
5.80 x 10® nW
5.80 x 10® nW
5.80 x 10® nW

8.86 x 10° nW
8.96 x 10° nW
8.96 x 10° nW
8.86 x 10° nW
8.66 x 10°> nW
8.76 x 10°> nW
8.76 x 10° nW
8.86 x 10°> nW
8.86 x 105 nW
8.86 x 10° nW

5.76 x 10® nW
5.76 x 10® nW
5.76 X 10® nW
5.76 x 10® nW
5.76 x 10® nW
5.76 x 10® nW
5.84 x 10° nW
5.78 x 10® nW
5.76 X 10® nW
5.76 x 10® nW

9.26 x 10° nW
9.26 x 10° nW
9.26 x 10° nW
9.26 x 105> nW
9.26 x 10%> nW
9.26 x 10°> nW
8.46 x 10° nW
9.06 x 10°> nW
9.26 x 10° nW
9.26 x 105> nW

5.77 x 10® nW
5.77 x 10® nW
5.77 x 10® nW
5.83 x 10® nW
5.80 x 10® nW
5.78 x 10® nW
5.78 x 10® nW
5.77 x 106 nW
5.77 x 10® nW
5.77 x 10® nW

9.16 x 10°> nW
9.16 x 10° nW
9.16 x 10° nW
8.56 x 10° nW
8.86 x 10° nW
9.06 x 10° nW
9.06 x 10° nW
9.16 x 10° nW
9.16 x 10° nW
9.16 x 10° nW

Avg.
Std.

5.80 x 10° nW
9.19 x 103 nW

8.84 x 10% nW
9.19 x 103 nW

5.77 x 10 nW
2.54 x 10* nW

9.16 x 10% nW
2.54 x 10* nW

5.78 x 10 nW
1.97 x 10* nW

9.05 x 10% nW
1.97 x 10* nW

Table B.18: Intensity measurements to measure the transmitted intensity I; and reflected intensity I, in nanowatts for different
70-100 Q glass samples at 470 nm.
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B.2.2. Reflection of ITO glass using 635 nm laser

Thorlabs CPS635R
Measurement Iy (NW)
1.16 x 10° nW
1.16 x 106 nW
1.16 x 10® nW
1.16 x 10 nW
1.16 x 10 nW
1.16 x 10° nW
1.16 x 10° nW
1.16 x 10 nW
1.16 x 10 nW
10 1.16 x 10° nW
Average 1.16 x 10° nW
Std. 9.94 x 10% nW

0 N oA WN -

©

Table B.19: Intensity measurements of the incoming intensity I, in nanowatts for the Thorlabs CPS635R with a wavelength of
635 nm.

ITO 8-12 O (635 nm)
Glass 1 Glass 2 Glass 3
I (W) I (nW) I (NW) I (W) I (W) I (nW)
1.03 x 10° nW | 1.28 x 105 nW | 9.28 x 105 nW | 2.33 x 10> nW | 1.11 x 10 nW | 4.89 x 10* nW
1.03 x 10° nW | 1.27 x 105 nW | 9.29 x 10° nW | 2.32 x 10° nW | 1.11 x 10° nW | 4.89 x 10* nW
1.04 x 10° nW | 1.23 x 105 nW | 9.30 x 10° nW | 2.31 x 105 nW | 1.11 x 10 nW | 5.29 x 10* nW
1.03 x 10° nW | 1.28 x 105> nW | 9.34 x 10° nW | 2.27 x 10° nW | 1.11 x 10° nW | 5.09 x 10* nW
1.04 X 10° nW | 1.26 x 10° nW | 9.34 x 10° nW | 2.27 x 10° nW | 1.11 x 106 nW | 4.99 x 10* nW
1.04 x 10° nW | 1.25 x 10° nW | 9.25 x 10° nW | 2.36 x 105 nW | 1.11 X 10 nW | 4.99 x 10* nW
1.04 x 10 nW | 1.21 x 105 nW | 9.32 x 10° nW | 2.29 x 105 nW | 1.11 x 10 nW | 4.99 x 10* nW
1.04 X 106 nW | 1.20 X 105 nW | 9.34 x 10° nW | 2.27 x 10° nW | 1.11 x 10° nW | 5.29 x 10* nW
1.03 x 10° nW | 1.29 x 105 nW | 9.26 x 10° nW | 2.35 x 105 nW | 1.11 x 10 nW | 5.19 x 10* nW
0 1.04 x 10° nW | 1.25 x 105 nW | 9.27 x 10° nW | 2.34 x 10° nW | 1.11 x 10 nW | 5.09 x 10* nW
Avg. | 1.04x10° nW | 1.25x 105 nW | 9.30 x 105 nW | 2.31 x 10° nW | 1.11 x 10® nW | 5.07 x 10* nW
Std. 3.05x 103 nW | 3.05x 103 nW | 3.45 x 103 nW | 3.45 x 103 nW | 1.48 x 103 nW | 1.48 x 103 nW
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Table B.20: Intensity measurements to measure the transmitted intensity I, and reflected intensity I,. in nanowatts for different
8-12 Q glass samples at 635 nm.
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ITO 15-30 Q (635 nm)

Glass 1

Glass 2

Glass 3

=
o
Q
7

Iy (nW)

I (nW)

Iy (nW)

I (nW)

Iy (nW)

I (nW)

o ~NOoO OB WOWN -
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10

9.99 x 10° nW
1.00 x 10 nW
9.99 x 10° nW
9.98 x 10° nW
9.98 x 10° nW
9.99 x 10% nW
1.00 x 10 nW
9.99 x 10° nW
1.00 x 10 nW
9.99 x 10° nW

1.62 x 10° nW
1.61 x 105 nW
1.62 x 105 nW
1.63 x 10° nW
1.63 x 10° nW
1.62 x 105 nW
1.61 x 10° nW
1.62 x 105 nW
1.61 x 105 nW
1.62 x 10° nW

1.09 x 10°
1.10 x 10°
1.10 x 10°
1.10 x 10°
1.10 x 10°
1.10 x 108
1.09 x 10°
1.10 x 10°
1.10 x 10°
1.10 x 10°

nW
nW
nW
nW
nW
nW
nW
nW
nW
nW

6.79 x 10* nW
6.39 x 10* nW
6.39 x 10* nW
6.39 x 10* nW
6.49 x 10* nW
6.49 x 10* nW
6.69 x 10* nW
6.49 x 10* nW
6.49 x 10* nW
6.39 x 10* nW

1.07 X 10® nW
1.07 x 10® nW
1.07 x 10 nW
1.07 x 10 nW
1.07 X 10® nW
1.07 x 106 nW
1.07 x 106 nW
1.07 x 10® nW
1.07 x 10 nW
1.07 x 10 nW

8.79 x 10* nW
8.69 x 10* nW
8.79 x 10* nW
8.89 x 10* nW
8.79 x 10* nW
8.89 x 10* nW
8.99 x 10* nW
9.09 x 10* nW
9.09 x 10* nW
9.09 x 10* nW

Avg.
Std.

9.99 X 10% nW
7.38 x 102 nW

1.62 x 105 nW
7.38 X 102 nW

1.10 x 10°
137 x 103

nW
nW

6.50 X 10* nW
1.37 X 103 nW

1.07 X 108 nW
1.48 x 103 nW

8.91 x 10* nW
1.48 x 103 nW

Table B.21: Intensity measurements to measure the transmitted intensity I; and reflected intensity I,- in nanowatts for different
15-30 Q glass samples at 635 nm.

ITO 70-100 Q (635 nm)

Glass 1

Glass 2

Glass 3
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Iy (nW)

I, (nW)

Iy (nW)

I, (W)

Iy (nW)

I, (nW)
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0

9.09 x 10° nW
9.10 x 10° nW
9.09 x 10° nW
9.11 x 10% nW
9.11 x 10° nW
9.09 x 10° nW
9.12 x 10° nW
8.87 x 10°> nW
9.11 x 10° nW
8.82 x 10° nW

2.52 x 105 nW
2.51 x 105 nW
2.52 X 105 nW
2.50 x 105 nW
2.50 x 105 nW
2.52 x 105 nW
2.49 x 105 nW
2.74 x 105 nW
2.50 x 105 nW
2.79 x 10° nW

9.24 x 10°
9.23 x 10°
9.24 x 10°
9.34 x 10°
9.32 x 10°
9.24 x 103
9.28 x 10°
9.20 x 10°
9.17 x 10°
9.16 x 10°

nW
nW
nW
nW
nW
nW
nW
nW
nW
nW

2.37 X 105 nW
2.38 x 105 nW
2.37 X 105 nW
2.27 x 105 nW
2.29 x 105 nW
2.37 X 105 nW
2.33 X 10° nW
2.41 x 105 nW
2.44 x 105 nW
2.45 x 105 nW

9.09 x 10° nW
9.05 x 10° nW
9.06 x 10° nW
9.07 x 10° nW
9.07 x 10°> nW
9.08 x 10°> nW
9.08 x 10° nW
9.09 x 10° nW
9.09 x 10° nW
9.05 x 10° nW

2.52 x 105 nW
2.56 X 105 nW
2.55 x 105 nW
2.54 x 105 nW
2.54 x 105 nW
2.53 x 105 nW
2.53 x 105 nW
2.52 X 105 nW
2.52 x 105 nW
2.56 x 105 nW

Avg.
Std.

9.05 x 10° nW
1.10 X 10* nW

2.56 X 105 nW
1.10 x 10* nW

9.24 x 10°
5.87 x 103

nwW
nW

2.37 X 105 nW
5.87 X 103 nW

9.07 x 10° nW
1.57 x 103 nW

2.54 x 105 nW
1.57 x 103 nW

Table B.22: Intensity measurements to measure the transmitted intensity I; and reflected intensity I, in nanowatts for different
70-100 Q glass samples at 635 nm.
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B.2.3. Reflection of ITO glass using 715 nm filtered lamp

Thorlabs QTH10/M with Red Plastic Filter
Measurement Iy (NW) Noise (nW)
1 3.09 x 10° nW | 8.70 x 10! nW
2 3.09 x 10° nW | 8.20 x 10 nW
3 3.09 X 10° nW | 8.20 x 10* nW
4 3.09 x 10° nW | 8.20 x 10 nW
5 3.10 X 10° nW | 8.20 x 10! nW
6 3.08 x 10° nW | 8.20 x 10* nW
7 3.02 x 106 nW | 8.50 x 10 nW
8 3.05 x 10° nW | 8.40 x 10 nW
9 3.03 x 10° nW | 8.10 x 10 nW
10 3.02 x 10° nW | 8.20 x 10! nW
Average 3.07 X 10° nW | 8.29 x 10 nW
Std. 3.24 x 10* nW | 1.85 x 10° nW

Table B.23: Intensity measurements of the initial intensity I, and noise levels in nanowatts for the Thorlabs QTH10/M with Red
Plastic Filter with a wavelength of 715 nm.

ITO 8-12 Q (715 nm)
Glass 1 Glass 2 Glass 3
I (W) I (nW) I (NW) I (W) I (W) I (nW)
2.71 x 106 nW | 3.56 x 10° nW | 2.70 x 10 nW | 3.66 x 105 nW | 2.70 x 10° nW | 3.66 x 10° nW
2.71 x 10 nW | 3.56 x 10° nW | 2.70 x 10 nW | 3.66 x 105 nW | 2.70 x 10° nW | 3.66 x 10°> nW
2.70 x 10® nW | 3.66 x 10° nW | 2.70 x 10° nW | 3.66 x 105> nW | 2.70 x 10° nW | 3.66 x 10° nW
2.71x 10% nW | 3.56 x 10> nW | 2.70 x 10° nW | 3.66 x 10> nW | 2.69 x 10° nW | 3.76 x 10° nW
2.71x10° nW | 3.56 X 10° nW | 2.71 X 10° nW | 3.56 x 10° nW | 2.71 x 106 nW | 3.56 x 10° nW
2.71x10° nW | 3.56 X 10° nW | 2.70 X 10° nW | 3.66 x 10° nW | 2.71 x 10® nW | 3.56 x 10° nW
2.71 x 106 nW | 3.56 x 10° nW | 2.70 x 10 nW | 3.66 x 105 nW | 2.71 x 10° nW | 3.56 x 105 nW
2.71 x 10 nW | 3.56 x 10° nW | 2.71 x 10 nW | 3.56 x 105 nW | 2.71 x 10° nW | 3.56 x 10°> nW
2.71x10° nW | 3.56 x 10° nW | 2.70 x 10® nW | 3.66 x 105> nW | 2.71 x 10° nW | 3.56 x 10° nW
0 2.71 x 10® nW | 3.56 x 10> nW | 2.70 x 10° nW | 3.66 x 10> nW | 2.71 x 10° nW | 3.56 x 10° nW
Avg. | 2.71x10°nW | 3.57 x 10° nW | 2.70 X 10° nW | 3.64 x 105 nW | 2.71 x 10° nW | 3.61 x 105 nW
Std. 3.16 x 103 nW | 3.16 X 103 nW | 4.22 x 103 nW | 4.22 x 103 nW | 7.07 x 103 nW | 7.07 x 103 nW
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Table B.24: Intensity measurements to measure the transmitted intensity I, and reflected intensity I,. in nanowatts for different
8-12 Q glass samples at 715 nm.
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ITO 15-30 Q (715 nm)
Glass 1 Glass 2 Glass 3
Iy (nW) L (nW) Iy (nW) L. (nW) Iy (nW) L. (nW)
2.65 x 10° nW | 4.16 x 10° nW | 2.65 x 10° nW | 4.16 x 10°> nW | 2.64 x 10° nW | 4.26 x 10° nW
2.65x 10° nW | 4.16 X 10° nW | 2.65 X 10° nW | 4.16 x 105 nW | 2.64 x 106 nW | 4.26 x 10° nW
2.65x 10° nW | 4.16 X 10° nW | 2.65 X 10° nW | 4.16 x 105 nW | 2.64 x 10° nW | 4.26 x 10° nW
2.65%x10° nW | 4.16 x 10° nW | 2.65 x 10 nW | 4.16 x 105 nW | 2.65 x 10° nW | 4.16 x 105 nW
2.65x10° nW | 4.16 x 10° nW | 2.64 x 10 nW | 4.26 x 105 nW | 2.64 x 10° nW | 4.26 x 10° nW
2.66 X 10 nW | 4.06 x 10° nW | 2.65 x 10 nW | 4.16 x 105 nW | 2.64 x 10° nW | 4.26 x 10°> nW
2.65 x 10° nW | 4.16 X 10° nW | 2.65 x 10° nW | 4.16 x 105> nW | 2.64 x 10° nW | 4.26 x 10° nW
2.65 x 10° nW | 4.16 x 10> nW | 2.65 x 10° nW | 4.16 x 10°> nW | 2.64 x 10° nW | 4.26 x 10° nW
2.65x10° nW | 4.16 X 10° nW | 2.65 X 10° nW | 4.16 x 10° nW | 2.64 x 106 nW | 4.26 x 10° nW
10 2.65 % 10° nW | 4.16 X 10° nW | 2.65 x 10° nW | 4.16 x 10°> nW | 2.64 x 106 nW | 4.26 x 105 nW
Avg. | 2.65x10° nW | 4.15x 105 nW | 2.65 x 10 nW | 4.17 x 10° nW | 2.64 x 10° nW | 4.25 x 10° nW
Std. 3.16 x 103 nW | 3.16 X 103 nW | 3.16 X 103 nW | 3.16 x 103 nW | 3.16 x 103 nW | 3.16 x 103 nW
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Table B.25: Intensity measurements to measure the transmitted intensity I; and reflected intensity I,- in nanowatts for different
15-30 Q glass samples at 715 nm.

ITO 70-100 Q (715 nm)
Glass 1 Glass 2 Glass 3
I (NW) L. (nW) I (NW) L. (nW) Iy (NW) L. (nW)
2.62 x 10° nW | 4.46 x 10> nW | 2.60 x 10° nW | 4.66 x 10> nW | 2.59 x 10® nW | 4.76 x 105 nW
2.62x10° nW | 4.46 x 10° nW | 2.60 x 10 nW | 4.66 x 105 nW | 2.59 x 10° nW | 4.76 x 105 nW
2.63 x 10° nW | 4.36 x 105 nW | 2.60 x 10® nW | 4.66 x 105 nW | 2.59 x 10° nW | 4.76 x 105 nW
2.63 x 10° nW | 4.36 x 105 nW | 2.60 x 10° nW | 4.66 x 105 nW | 2.59 x 10° nW | 4.76 x 105 nW
2.63 X 10° nW | 4.36 X 105 nW | 2.59 X 10° nW | 4.76 X 105 nW | 2.59 x 10° nW | 4.76 x 105 nW
2.63 X 10° nW | 4.36 X 10° nW | 2.60 X 10° nW | 4.66 X 105 nW | 2.60 x 10° nW | 4.66 x 105 nW
2.62 x 10° nW | 4.46 x 10° nW | 2.60 x 10° nW | 4.66 x 10> nW | 2.59 x 10° nW | 4.76 x 10° nW
2.63 x10° nW | 4.36 x 10° nW | 2.60 x 10 nW | 4.66 x 105 nW | 2.59 x 10° nW | 4.76 x 105 nW
2.63 x 10° nW | 4.36 x 105 nW | 2.60 x 106 nW | 4.66 x 105 nW | 2.59 x 10° nW | 4.76 x 105 nW
0 2.63 x 10° nW | 4.36 x 105 nW | 2.60 x 10° nW | 4.66 x 105 nW | 2.59 x 10° nW | 4.76 x 105 nW
Avg. 2.63x10° nW | 4.39 x 10° nW | 2.60 X 10 nW | 4.67 x 105 nW | 2.59 x 10° nW | 4.75 x 105 nW
Std. 483 x103nW | 483 x103nW | 3.16 x 103 nW | 3.16 x 103 nW | 3.16 x 103 nW | 3.16 x 10% nW
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Table B.26: Intensity measurements to measure the transmitted intensity I; and reflected intensity I, in nanowatts for different
70-100 Q glass samples at 715 nm.
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B.2.4. Reflection of ITO glass using 470 nm LED in the absorption measurement
experimental setup with beamsplitter

Thorlabs MC470L3-C1

Meas. Iy (NW) Noise (nW) Noise after BS (nW)
1 7.49 x 105 nW | 1.00 x 10* nW 1.72 x 10% nW
2 7.49 x 105 nW | 1.00 x 10 nW 1.72 x 103 nW
3 7.49 x 105 nW | 1.00 x 10 nW 1.72 x 103 nW
4 7.52 x 105 nW | 2.00 x 10 nW 1.72 x 103 nW
5 7.51 x 105 nW | 1.00 x 10* nW 1.73 x 103 nW
6 7.50 X 105 nW | 1.00 x 10* nW 1.72 x 10% nW
7 7.49 x 105 nW | 1.00 x 10 nW 1.73 x 103 nW
8 7.48 x 105 nW | 1.00 x 10 nW 1.73 x 103 nW
9 7.48 x 10° nW | 1.00 x 10* nW 1.73 x 103 nW
10 7.48 x 105 nW | 1.00 x 10* nW 1.72 x 10% nW

Avg. | 749 x 105 nW | 1.10 x 10! nW 1.72 x 103 nW

Std. | 1.34x 103 nW | 3.16 x 10° nW 4.55 x 10° nW

Table B.27: Measurements of the initial light power and the noise before and after the beam splitter for Thorlabs MC470L3-C1.

ITO glass 8-12 Ohm, 470 nm
Meas. I; Measured I, Calculated I,
1 2.70 x 101 nW | 8.13 x 10* nW | 1.63 x 10> nW
2 2.70 X 10 nW | 8.13 X 10* nW | 1.63 X 105 nW
3 2.70 x 10 nW | 8.13 x 10* nW | 1.63 x 10° nW
4 2.70 x 101 nW | 8.15 x 10* nW | 1.63 x 10°> nW
5 2.70 x 10 nW | 8.15 x 10* nW | 1.63 x 10°> nW
6 2.70 x 101 nW | 8.14 x 10* nW | 1.63 x 10°> nW
7 2.80 x 10 nW | 8.14 x 10* nW | 1.63 x 10° nW
8 2.60 x 101 nW | 8.13 x 10* nW | 1.63 x 10° nW
9 2.70 x 101 nW | 8.13 x 10* nW | 1.63 x 10°> nW
10 2.80 x 101 nW | 8.13 x 10* nW | 1.63 x 10°> nW
Avg. | 271x10'nW | 8.14 x 10* nW | 1.63 x 105 nW
Std. 5.68x 1071 nW | 8.43 x 10' nW | 1.69 x 10% nW

Table B.28: Measured and calculated reflection intensity for 8-12 Q ITO glass at 470 nm in the setup containing the beamsplitter.
This information is used for calculation the absorption coefficient of the a-Si:H.
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ITO glass 15-30 Ohm, 470 nm

Meas. I (nW) Measured I,. (nW) | Calculated I,. (nW)
1 2.60 x 101 nW 5.07 x 10* nW 1.01 x 10° nW
2 2.60 x 101 nW 5.07 x 10* nW 1.01 x 105 nW
3 2.60 x 101 nW 5.07 x 10* nW 1.01 x 105 nW
4 2.70 x 10 nW 5.07 X 10* nW 1.01 x 105 nW
5 2.60 x 101 nW 5.07 x 10* nW 1.01 x 10° nW
6 2.80 x 10! nW 5.11 x 10* nW 1.02 x 105 nW
7 2.60 x 101 nW 5.09 x 10* nW 1.02 x 10° nW
8 2.60 x 101 nW 5.08 x 10* nW 1.02 x 10° nW
9 2.60 x 10! nW 5.07 X 10* nW 1.01 x 105 nW
10 2.60 x 101 nW 5.07 x 10* nW 1.01 x 10° nW
Avg. | 2.63 x 10! nW 5.08 x 10* nW 1.02 X 10° nW
Std. | 6.75x 1071 nW 1.34 x 102 nW 2.67 x 10% nW

Table B.29: Measured and calculated reflection intensity for 15-30 Q ITO glass at 470 nm in the setup containing the beamsplitter.
This information is used for calculation the absorption coefficient of the a-Si:H.

ITO glass 70-100 Ohm, 470 nm

Meas. I (W) Measured I,. (nW) | Calculated I,. (nW)
1 2.70 x 101 nW 4.65 x 10* nW 9.30 x 10% nW
2 2.90 x 10! nW 4,65 x 10* nW 9.30 x 10* nW
3 2.70 x 101 nW 4,65 x 10* nW 9.30 X 10* nW
4 2.70 x 101 nW 4.69 x 10* nW 9.38 x 10* nW
5 2.70 x 101 nW 4.68 x 10* nW 9.36 x 10* nW
6 2.80 x 101 nW 4.66 x 10* nW 9.32 x 10* nW
7 2.80 x 101 nW 4,66 x 10* nW 9.32 x 10* nW
8 2.80 x 10! nW 4,65 x 10* nW 9.30 X 10* nW
9 2.70 x 101 nW 4.65 x 10* nW 9.30 x 10* nW
10 2.80 x 101 nW 4.65 x 10* nW 9.30 x 10* nW
Avg. 2.76 x 101 nW 4.66 x 10* nW 9.32 X 10* nW
Std. | 6.99 x 1071 nW 1.45 x 102 nW 2.90 x 10% nW

Table B.30: Measured and calculated reflection intensity for 70-100 Q ITO glass at 470 nm in the setup containing the beam-
splitter. This information is used for calculation the absorption coefficient of the a-Si:H.
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B.2.5. Reflection of ITO glass using 635 nm laser in the absorption measurement
experimental setup with beamsplitter

Thorlabs CPS635R

Meas. Iy (NW) Noise (nW) Noise after BS (nW)
1 5.45 x 105 nW | 1.00 x 10* nW 2.24 x 103 nW
2 5.45 % 105 nW | 1.00 x 10! nW 2.24 x 103 nW
3 5.45 % 105 nW | 1.00 x 10* nW 2.24 x 103 nW
4 5.46 X 105 nW | 1.00 x 10! nW 2.24 x 103 nW
5 5.46 x 105 nW | 1.00 x 10* nW 2.24 x 103 nW
6 5.46 x 105 nW | 1.00 x 10* nW 2.23 x 103 nW
7 5.44 x 105 nW | 1.00 x 10! nW 2.24 x 103 nW
8 5.44 x 105 nW | 2.00 x 10* nW 2.24 x 103 nW
9 5.45 x 10° nW | 2.00 x 10* nW 2.23 x 103 nW
10 5.45 x 105 nW | 1.00 x 10* nW 2.24 x 103 nW

Avg. | 545x105nW | 1.20 x 10' nW |  2.24 x 103 nW

Std. | 7.38 x 102 nW | 4.22 x 10° nW 4.22 x 10° nW

Table B.31: Measurements of the initial light power and the noise before and after the beam splitter for Thorlabs CPS635R.

ITO glass 8-12 Ohm, 635 nm

Meas. I (W) Measured I,. (nW) | Calculated I,. (nW)
1 432 x 10* nW 4,75 x 10* nW 9.50 X 10* nW
2 433x10*nW | 4.74 x 10* nW 9.48 x 10* nW
3 433 x 10* nW 4,74 x 10* nW 9.48 x 10* nW
4 434 x 10* nW 4,74 x 10* nW 9.48 x 10* nW
5 434 x 10* nW 4,74 x 10* nW 9.48 x 10* nW
6 4.35 x 10* nW 4.74 x 10* nW 9.48 x 10* nW
7 436 x 10* nW 474 x 10* nW 9.48 x 10* nW
8 437 x 10* nW 4,73 x 10* nW 9.46 x 10* nW
9 438 x 10* nW 4,75 x 10* nW 9.50 X 10* nW
10 4.39 x 10* nW 4,73 x 10* nW 9.46 x 10* nW

Avg. | 4.35x 10* nW 474 x 10* nW 9.48 x 10* nW

Std. 2.33x 102 nW 6.67 x 101 nW 1.33 x 102 nW

Table B.32: Measured and calculated reflection intensity for 8-12 Q ITO glass at 635 nm in the setup containing the beamsplitter.

This information is used for calculation the absorption coefficient of the a-Si:H.
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ITO glass 15-30 Ohm, 635 nm
Meas. I (nW) Measured I,. (nW) | Calculated I,. (nW)
1 3.94 x 10* nW 6.21 x 10* nW 1.24 x 105 nW
2 3.96 x 10* nW 6.20 x 10* nW 1.24 x 105 nW
3 3.95 x 10* nW 6.19 x 10* nW 1.24 x 10° nW
4 3.98 x 10* nW 6.20 x 10* nW 1.24 x 105 nW
5 3.95 x 10* nW 6.22 x 10* nW 1.24 x 10° nW
6 3.99 x 10* nW 6.25 x 10* nW 1.25 x 105 nW
7 3.96 x 10* nW 6.28 x 10* nW 1.26 X 10° nW
8 397 x10* nW | 6.30 x 10* nW 1.26 x 10° nW
9 4,00 x 10* nW 6.31 x 10* nW 1.26 x 10° nW
10 3.97 x 10* nW 6.25 x 10* nW 1.25 x 105 nW
Avg. | 397 x10*nW | 6.24 x 10* nW 1.25 X 10° nW
Std. 1.89 x 10% nW 438 x 102 nW 8.77 x 102 nW

Table B.33: Measured and calculated reflection intensity for 15-30 Q ITO glass at 635 nm in the setup containing the beamsplitter.

This information is used for calculation the absorption coefficient of the a-Si:H.

ITO glass 70-100 Ohm, 635 nm

Meas. I (W) Measured I,. (nW) | Calculated I,. (nW)
1 4.40 x 10* nW 6.30 x 10* nW 1.26 x 105 nW
2 439 x 10* nW 6.30 X 10* nW 1.26 x 10° nW
3 439 x 10* nW 6.29 x 10* nW 1.26 x 105 nW
4 4.39 x 10* nW 6.28 x 10* nW 1.26 x 10° nW
5 438 x 10* nW 6.29 x 10* nW 1.26 x 105 nW
6 438 x 10* nW 6.31 x 10* nW 1.26 x 105 nW
7 437 x 10* nW 6.32 x 10* nW 1.26 x 105 nW
8 437 x 10* nW 6.33 X 10* nW 1.27 x 105 nW
9 436x10*nW | 6.34 x 10* nW 1.27 x 10° nW
10 4.35 x 10* nW 6.35 x 10* nW 1.27 x 10° nW
Avg. | 4.38 x 10* nW 6.31 X 10* nW 1.26 x 105 nW
Std. | 1.55 x 102 nW 2.33 x 102 nW 4.66 x 10% nW

Table B.34: Measured and calculated reflection intensity for 70-100 Q ITO glass at 635 nm in the setup containing the beam-
splitter. This information is used for calculation the absorption coefficient of the a-Si:H.
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B.2.6. Reflection of ITO glass using 715 nm filtered lamp in the absorption mea-
surement experimental setup with beamsplitter

Thorlabs QTH10/M+ red plastic filter

Meas. Iy (NW) Noise (nW) Noise after BS (nW)
1 9.81 x 10°> nW | 6.00 x 103 nW 2.40 x 105 nW
2 9.82 x 105 nW | 6.00 x 103 nW 2.44 x 105 nW
3 9.81 x 10° nW | 7.00 x 103 nW 2.45 x 105 nW
4 9.82 x 10> nW | 6.00 x 103 nW 2.46 x 105 nW
5 9.82 x 10° nW | 6.00 x 103 nW 2.64 x 105 nW
6 9.82 x 10° nW | 6.00 x 103 nW 2.66 x 105 nW
7 9.81 x 10° nW | 7.00 x 103 nW 2.67 x 105 nW
8 9.79 X 105 nW | 6.00 X 103 nW 2.66 x 10° nW
9 9.79 x 10° nW | 6.00 x 103 nW 2.66 x 105 nW
10 | 9.79 x 10° nW | 6.00 x 103 nW 2.65 x 10° nW

Avg. | 9.81 x 105 nW | 6.20 x 103 nW 2.57 x 105 nW

Std. 1.32 x 103 nW | 4.22 x 10% nW 1.14 x 10* nW

Table B.35: Measurements of the initial light power and the noise before and after the beam splitter for Thorlabs QTH10/M+ red
plastic filter.

ITO glass 8-12 Ohm, 715 nm

Meas. I (W) Measured I,. (nW) | Calculated I,. (nW)
1 5.22 x 105 nW 3.48 x 105 nW 6.96 x 105 nW
2 5.22 X 105 nW 3.38 x 10° nW 6.76 x 10° nW
3 521x10°nW | 3.37 x 105 nW 6.74 x 10° nW
4 5.20 x 105 nW 3.38 x 105 nW 6.76 x 105 nW
5 5.18 x 105 nW 3.40 x 105 nW 6.80 x 105 nW
6 5.19 x 10° nW 3.42 x 105 nW 6.84 x 105 nW
7 5.18 x 105 nW 3.41 x 105 nW 6.82 x 105 nW
8 5.18 X 10° nW | 3.40 x 105 nW 6.80 x 10° nW
9 5.17 x 105 nW 3.41 x 105 nW 6.82 x 105 nW
10 5.18 x 105 nW 3.45 x 105 nW 6.90 x 105 nW
Avg. | 5.19x10°nW | 3.41x 10° nW 6.82 x 10°> nW
Std. 1.83 x 103 nW 3.37 x 103 nW 6.73 x 103 nW

Table B.36: Measured and calculated reflection intensity for 8-12 Q ITO glass at 715 nm in the setup containing the beamsplitter.
This information is used for calculation the absorption coefficient of the a-Si:H.
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ITO glass 15-30 Ohm, 715 nm

Meas. I (nW) Measured I,. (nW) | Calculated I,. (nW)
1 498 x 10° nW | 3.58 x 10°> nW 7.16 X 10° nW
2 486 x 10° nW | 3.60 x 10°> nW 7.20 X 10° nW
3 492 x10°nW | 3.61x10° nW 7.22 x 10° nW
4 497 x 10> nW | 3.59 x 10° nW 7.18 x 105 nW
5 5.03x 105 nW | 3.60 x 105 nW 7.20 X 10° nW
6 5.05x10°nW | 3.61 x 10° nW 7.22 X 10° nW
7 5.12x10°5nW | 3.59 x 10° nW 7.18 X 10° nW
8 5.10 x 105 nW 3.57 x 105 nW 7.14 x 105 nW
9 5.10 x 10° nW | 3.61 x 10° nW 7.22 x 105 nW
10 5.10 x 105 nW | 3.63 x 105 nW 7.26 X 10° nW
Avg. | 5.02x10°nW | 3.60 x 105 nW 7.20 X 10° nW
Std. | 881 x10°nW | 1.73 x 103 nW 3.46 x 103 nW

Table B.37: Measured and calculated reflection intensity for 15-30 Q ITO glass at 715 nm in the setup containing the beamsplitter.

This information is used for calculation the absorption coefficient of the a-Si:H.

ITO glass 70-100 Ohm, 715 nm

Meas. I (W) Measured I,. (nW) | Calculated I,. (nW)
1 5.66 x 10° nW | 3.62 x 10° nW 7.24 x 105 nW
2 5.65 x 105 nW | 3.60 x 105 nW 7.20 x 105 nW
3 5.64 x 105 nW | 3.59 x 105 nW 7.18 x 10° nW
4 5.66 x 10° nW | 3.56 x 10° nW 7.12 x 10° nW
5 5.67 x 10° nW | 3.38 x 10° nW 6.76 x 10° nW
6 5.68 x 10° nW | 3.46 x 10° nW 6.92 x 105 nW
7 5.64 x 105 nW | 3.45 x 105 nW 6.90 x 10° nW
8 5.68 x 10° nW | 3.54 x 105 nW 7.08 x 10° nW
9 5.67 x 10° nW | 3.50 x 10° nW 7.00 x 10° nW
10 5.57 x 10° nW | 3.56 x 10° nW 7.12 x 105 nW
Avg. | 5.65x10°nW | 3.53 x 10° nW 7.05 x 105 nW
Std. | 3.22x 103 nW 7.68 x 103 nW 1.54 x 10* nW

Table B.38: Measured and calculated reflection intensity for 70-100 Q ITO glass at 715 nm in the setup containing the beam-
splitter. This information is used for calculation the absorption coefficient of the a-Si:H.
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B.3. Absorption coefficient

B.3.1. Absorption by a-Si:H on ITO covered microscope slides with different re-
sistances using 470 nm LED

ITO glass 8-12 Ohm, 470 nm
Iy (NW) 7.49 x 105 nW
Refl. % 14.81%
I, ITO (W) | 6.38 x 10° nW
Meas. | Measured I, (nW) | Calculated I, (n\W) | I, a-Si:H (n\W) | In(I;/I,) | a (m™1)
1 2.70 x 101 1.63 x 10° 5.17 x 10* —10.07 | 1.01 x 107
2 2.70 x 101 1.63 x 10° 5.17 x 10* —10.07 | 1.01 x 107
3 2.70 x 101 1.63 x 10° 5.17 x 10* —10.07 | 1.01 x 107
4 2.70 x 101 1.63 x 10° 5.21 x 10* —10.07 | 1.01 x 107
5 2.70 x 101 1.63 x 10° 5.21 x 10* —10.07 | 1.01 x 107
6 2.70 x 101 1.63 x 10° 5.19 x 10* —10.07 | 1.01 x 107
7 2.80 x 10! 1.63 x 10° 5.19 x 10* —10.03 | 1.00 x 107
8 2.60 x 10! 1.63 x 10° 5.17 x 10* -10.11 | 1.01 x 107
9 2.70 x 101 1.63 x 10° 5.17 x 10* —10.07 | 1.01 x 107
10 2.80 x 10?1 1.63 x 10° 5.17 x 10* —10.03 | 1.00 x 107
Avg. 2.71 x 101 1.63 x 10° 5.18 x 10* —10.07 | 1.01 x 107
Std. 5.68 x 1071 1.69 x 102 1.69 x 102 0.02 2.09 x 10*

Table B.39: The upper table gives the initial light beam power with the calculated reflected power due to the ITO glass. The
lower table shows the measurements of the transmitted light power, resulting in an absorption coefficient using equation 2.20.
The ITO microscope slide has a resistance of 8-12 Q and the photon wavelength used is 470 nm.

ITO glass 15-30 Ohm, 470 nm
Iy (W) 7.49 x 10°> nW
Refl. % 19.92%
I, ITO (nW) | 6.00 x 10°> nW
Meas. | Measured I, (nW) | Calculated I, (n\W) | I. a-Si:H (nW) | In(I/I,) | a (m™?1)
1 2.60 x 10! 1.01 x 10° —4.79 x 10* | —10.05 | 1.00 x 107
2 2.60 x 10! 1.01 x 10° —4.79 x 10* | —10.05 | 1.00 x 107
3 2.60 x 10! 1.01 x 10° —4.79 x 10* | —10.05 | 1.00 x 107
4 2.70 x 10! 1.01 x 10° —4.79 x 10* | —10.01 | 1.00 x 107
5 2.60 x 10! 1.01 x 10° —4.79 x 10* | —10.05 | 1.00 x 107
6 2.80 x 10! 1.02 x 10° —4.71 x 10* —9.97 | 9.97 x 10°®
7 2.60 x 10! 1.02 x 10° —4.75x 10* | —10.05 | 1.00 x 107
8 2.60 x 10! 1.02 x 10° —4.77 x 10* | —10.05 | 1.00 x 107
9 2.60 x 10! 1.01 x 10° —4.79 x 10* | —10.05 | 1.00 x 107
10 2.60 x 10! 1.01 x 10° —4.79 x 10* | —10.05 | 1.00 x 107
Avg. 2.63 x 10! 1.02 x 10° —4.77 x 10* | —10.04 | 1.00 x 107
Std. 6.75 x 1071 2.67 x 102 2.67 x 102 0.03 2.51 x 10*

Table B.40: The upper table gives the initial light beam power with the calculated reflected power due to the ITO glass. The
lower table shows the measurements of the transmitted light power, resulting in an absorption coefficient using equation 2.20.
The ITO microscope slide has a resistance of 15-30 Q and the photon wavelength used is 470 nm.
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ITO glass 70-100 Ohm, 470 nm
I, (W) 7.49 x 105 nW
Refl. % 13.49%
I; ITO (nW) 6.48 x 105 nW
Meas. | Measured I, (nW) | Calculated I, (n\W) | I a-Si:H (n\W) | In(I;/I,) | a (m™?1)
1 2.70 x 101 9.30 x 10* —8.05 x 103 —10.09 | 1.01 x 107
2 2.90 x 10t 9.30 x 10* —8.05 x 103 —10.01 | 1.00 x 107
3 2.70 x 101 9.30 x 10* —8.05 x 103 —10.09 | 1.01 x 107
4 2.70 x 10? 9.38 x 10* -7.25x 103 —10.09 | 1.01 x 107
5 2.70 x 101 9.36 x 10* —7.45 x 103 —10.09 | 1.01 x 107
6 2.80 x 10?1 9.32 x 10* —7.85 x 103 —10.05 | 1.00 x 107
7 2.80 x 10! 9.32 x 10* —7.85 x 103 —10.05 | 1.00 x 107
8 2.80 x 10! 9.30 x 10* —8.05 x 103 —10.05 | 1.00 x 107
9 2.70 x 101 9.30 x 10* —8.05 x 103 —10.09 | 1.01 x 107
10 2.80 x 101! 9.30 x 10* —8.05 x 103 —10.05 | 1.00 x 107
Avg. 2.76 x 101 9.32 x 10* —7.87 x 103 —10.06 | 1.01 x 107
Std. 6.99 x 1071 2.90 x 102 2.90 x 102 0.03 2.51 x 10*

Table B.41: The upper table gives the initial light beam power with the calculated reflected power due to the ITO glass. The
lower table shows the measurements of the transmitted light power, resulting in an absorption coefficient using equation 2.20.
The ITO microscope slide has a resistance of 70-100 Q and the photon wavelength used is 470 nm.

B.3.2. Absorption by a-Si:H on ITO covered microscope slides with different re-
sistances using 635 nm laser

ITO glass 8-12 Ohm, 635 nm
I, (W) 5.45 x 105 nW
Refl. % 11.68%
I, ITO (nW) | 4.81 x10° nW
Meas. | Measured I, (nW) | Calculated I, (n\W) | I. a-Si:H (nW) | In(I;/I,) | a (m™?1)
1 4.32 x 10* 9.50 x 10* 3.13 x 10* —-2.41 | 2.41x10°
2 4.33 x 10* 9.48 x 10* 3.11 x 10* —2.41 | 2.41x10°
3 4.33 x 10* 9.48 x 10* 3.11 x 10* —2.41 | 2.41x10°
4 4.34 x 10* 9.48 x 10* 3.11 x 10* —-2.41 2.41 x 10°
5 4.34 x 10* 9.48 x 10* 3.11 x 10* —-2.41 | 2.41x10°
6 4.35 x 10* 9.48 x 10* 3.11 x 10* —2.40 | 2.40 x 10°
7 4.36 x 10* 9.48 x 10* 3.11 x 10* —2.40 | 2.40 x 10°
8 4.37 x 10* 9.46 x 10* 3.09 x 10* —-2.40 2.40 x 10°
9 4.38 x 10* 9.50 x 10* 3.13 x 10* —2.40 | 2.40 x 10°
10 4.39 x 10* 9.46 x 10* 3.09 x 10* —2.39 | 2.39x10°
Avg. 4.35 x 10* 9.48 x 10* 3.11 x 10* —-2.40 2.40 x 10°
Std. 2.33 x 102 1.33 x 102 1.33 x 10? 0.01 5.35 x 103

Table B.42: The upper table gives the initial light beam power with the calculated reflected power due to the ITO glass. The
lower table shows the measurements of the transmitted light power, resulting in an absorption coefficient using equation 2.20.
The ITO microscope slide has a resistance of 8-12 Q and the photon wavelength used is 635 nm.
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ITO glass 15-30 Ohm, 635 nm
I, (W) 5.45 x 105 nW
Refl. % 9.07%

I, ITO (W) | 4.96 x 105 nW

Meas. | Measured I, (nW) | Calculated I, (n\W) | I a-Si:H (n\W) | In(I;/I,) | a (m™?1)
1 3.94 x 10* 6.21 x 10* 1.27 x 10* —2.53 2.53 x 10°
2 3.96 x 10* 6.20 x 10* 1.26 x 10* —2.53 2.53 x 10°
3 3.95 x 10* 6.19 x 10* 1.25 x 10* —2.53 2.53 x 10°
4 3.98 x 10* 6.20 x 10* 1.26 x 10* —2.52 2.52 x 10°
5 3.95 x 10* 6.22 x 10* 1.28 x 10* —2.53 2.53 x 10°
6 3.99 x 104 6.25 x 10* 1.31 x 10* —2.52 2.52 x 10°
7 3.96 x 10* 6.28 x 10* 1.34 x 10* —2.53 | 2,53 x10°
8 3.97 x 10* 6.30 x 10* 1.36 x 10* —2.52 | 2.52x10°
9 4.00 x 10* 6.31 x 10* 1.37 x 10* —2.52 2.52 x 10°
10 3.97 x 10* 6.25 x 10* 1.31 x 10* —2.52 2.52 x 10°

Avg. 3.97 x 10* 6.24 x 10* 1.30 x 10* —2.53 | 2.53x10°

Std. 1.89 x 102 4.38 x 102 4.38 x 10? 0.00 476 x 103

Table B.43: The upper table gives the initial light beam power with the calculated reflected power due to the ITO glass. The
lower table shows the measurements of the transmitted light power, resulting in an absorption coefficient using equation 2.20.
The ITO microscope slide has a resistance of 15-30 ( and the photon wavelength used is 635 nm.

ITO glass 70-100 Ohm, 635 nm
Ip (W) 5.45 x 105 nW
Refl. % 21.42%

I ITO(nW) | 4.28 x 105 nW

Meas. | Measured I, (nW) | Calculated L. (n"W) | I, a-Si:H (nW) | In(I;/I;) | « (m™1)
1 4.40 x 10* 1.26 x 10° 9.22 x 103 —2.28 | 2.28x10°
2 4.39 x 10* 1.26 x 10° 9.22 x 103 -2.28 | 2.28 x 10°
3 4.39 x 10* 1.26 x 10° 9.02 x 103 —2.28 | 2.28 x 10°
4 4.39 x 10* 1.26 x 10° 8.82 x 103 —2.28 | 2.28x10°
5 4.38 x 10* 1.26 x 10° 9.02 x 103 —2.28 | 2.28x10°
6 4.38 x 10* 1.26 x 10° 9.42 x 103 -2.28 | 2.28 x 10°
7 4.37 x 10* 1.26 x 10° 9.62 x 103 —2.28 | 2.28 x 10°
8 4.37 x 10* 1.27 x 10° 9.82 x 103 —2.28 | 2.28 x 10°
9 4.36 x 10* 1.27 x 10° 1.00 x 10* —2.28 | 2.28x10°
10 4.35 x 10* 1.27 x 10° 1.02 x 10* —2.29 | 2.29x10°

Avg. 4.38 x 10* 1.26 x 10° 9.44 x 103 —2.28 | 2.28 x 10°

Std. 1.55 x 102 4.66 X 102 4.66 X 102 0.00 3.54 x 103

Table B.44: The upper table gives the initial light beam power with the calculated reflected power due to the ITO glass. The
lower table shows the measurements of the transmitted light power, resulting in an absorption coefficient using equation 2.20.
The ITO microscope slide has a resistance of 70-100 Q and the photon wavelength used is 635 nm.
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B.3.3. Absorption by a-Si:H on ITO covered microscope slides with different re-
sistances using 715 nm filtered lamp

ITO glass 8-12 Ohm, 715 nm
I, (nW) 9.81 x 10°> nW
Refl. % 11.76%
I, ITO (nW) | 8.65 x 10° nW
Meas. | Measured I, (nW) | Calculated I, (n\W) | I a-Si:H (n\W) | In(I;/I,) | a (m™?1)
1 5.22 x 10° 6.96 x 10° 5.81 x 10° —0.51 | 5.06 x 10°
2 5.22 x 10° 6.76 x 10° 5.61 x 10° —0.51 | 5.06 x 10°
3 5.21 x 10° 6.74 x 10° 5.59 x 10° —0.51 | 5.07 x 10°
4 5.20 x 105 6.76 x 10° 5.61 x 10° —0.51 | 5.09 x 10°
5 5.18 x 10° 6.80 x 10° 5.65 x 10° —0.51 | 513 x10°
6 5.19 x 10° 6.84 x 10° 5.69 x 10° —-0.51 | 5.11x10°
7 5.18 x 10° 6.82 x 10° 5.67 x 10° —-0.51 | 5.13x10°
8 5.18 x 10° 6.80 x 10° 5.65 x 10° -0.51 | 513 x10°
9 5.17 x 105 6.82 x 10° 5.67 X 10° —0.52 | 5.15x10°
10 5.18 x 10° 6.90 x 10° 5.75 x 10° —0.51 | 513 x10°
Avg. 5.19 x 10° 6.82 x 10° 5.67 X 10° -0.51 | 5.11x10°
Std. 1.83 x 103 6.73 x 103 6.73 x 103 0.00 | 3.52x103

Table B.45: The upper table gives the initial light beam power with the calculated reflected power due to the ITO glass. The
lower table shows the measurements of the transmitted light power, resulting in an absorption coefficient using equation 2.20.
The ITO microscope slide has a resistance of 8-12 Q and the photon wavelength used is 715 nm.

ITO glass 15-30 Ohm, 715 nm
Iy (NW) 9.81 x 10%> nW
Refl. % 13.67%
I, ITO (nNW) | 8.47 x 10°> nW
Meas. | Measured I, (nW) | Calculated I, (n\W) | I. a-Si:H (nW) | In(I;/I,) | a (m™?1)
1 498 x 10° 7.16 x 105 5.82 x 10° —0.53 | 5.31x10°
2 4.86 x 10° 7.20 x 105 5.86 x 10° —0.56 | 5.55x 10°
3 492 x 10° 7.22 x 10° 5.88 x 10° —0.54 | 543 x10°
4 497 x 10° 7.18 x 10° 5.84 x 10° —0.53 | 533 x10°
5 5.03 x 10° 7.20 x 10° 5.86 x 10° —0.52 | 5.21 x 10°
6 5.05 x 10° 7.22 x 105 5.88 x 10° —0.52 | 5.17 x 10°
7 5.12 x 10° 7.18 x 10° 5.84 x 10° —0.50 | 5.03 x 10°
8 5.10 x 10° 7.14 x 10° 5.80 x 10° —0.51 | 5.07 x 10°
9 5.10 x 10° 7.22 x 10° 5.88 x 10° —0.51 | 5.07 x 10°
10 5.10 x 10° 7.26 x 105 5.92 x 105 —0.51 | 5.07 x 10°
Avg. 5.02 x 10° 7.20 x 10° 5.86 x 10° —0.52 | 5.22x10°
Std. 8.81 x 103 3.46 x 103 3.46 x 103 0.02 1.76 x 10*

Table B.46: The upper table gives the initial light beam power with the calculated reflected power due to the ITO glass. The
lower table shows the measurements of the transmitted light power, resulting in an absorption coefficient using equation 2.20.
The ITO microscope slide has a resistance of 15-30 Q and the photon wavelength used is 715 nm.
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ITO glass 70-100 Ohm, 715 nm
I, (W) 9.81 x 10> nW
Refl. % 15.01%
I, ITO (nW) 8.34 x 10°> nW
Meas. | Measured I, (nW) | Calculated I, (n\W) | I a-Si:H (n\W) | In(I;/I,) | a (m™?1)
1 5.66 x 10° 7.24 x 10° 5.77 x 10° -0.39 | 3.87 x 10°
2 5.65 x 10° 7.20 x 10° 5.73 x 10° -0.39 | 3.89x10°
3 5.64 x 10° 7.18 x 10° 5.71 x 10° —0.39 | 3.91x10°
4 5.66 x 10° 7.12 x 105 5.65 x 10° —0.39 | 3.87 x 10°
5 5.67 x 10° 6.76 x 10° 5.29 x 10° —0.39 | 3.85x 10°
6 5.68 x 10° 6.92 x 10° 5.45 x 10° —0.38 | 3.84 x 10°
7 5.64 x 10° 6.90 x 10° 5.43 x 10° -0.39 | 3.91x10°
8 5.68 x 10° 7.08 x 10° 5.61 x 105 —0.38 | 3.84 x 10°
9 5.67 x 10° 7.00 x 105 5.53 x 10° —0.39 | 3.85x 10°
10 5.57 x 10° 7.12 x 10° 5.65 x 10° —0.40 | 4.03 x 10°
Avg. 5.65 x 10° 7.05 x 10° 5.58 x 10° —-0.39 | 3.89x10°
Std. 3.22 x 103 1.54 x 10* 1.54 x 10* 0.01 | 5.73x 103

Table B.47: The upper table gives the initial light beam power with the calculated reflected power due to the ITO glass. The
lower table shows the measurements of the transmitted light power, resulting in an absorption coefficient using equation 2.20.
The ITO microscope slide has a resistance of 70-100 Q and the photon wavelength used is 715 nm.
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Results: Optical setup

C.1.1. Magnification Chip to Camera

Bead with a diameter of 15 pm

Bead Pixels (px) | Conversion (m/pix) | Conversion (um/pix) | Magnification Mchipcam
1 19.334 px | 7.76 X 10~7 m/pix 0.776 um/pix 4.45
2 18.314 px | 8.19 x 107 m/pix 0.819 um/pix 4.21
3 18.305 px | 8.19 x 107 m/pix 0.819 um/pix 4.21
4 17.451 px | 8.60 x 107 m/pix 0.860 um/pix 4.01
5 17.187 px | 8.73 x 107 m/pix 0.873 um/pix 3.95
6 18.085 px | 8.29 x 107 m/pix 0.829 um/pix 4.16
7 16.882 px | 8.89 x 10~7 m/pix 0.889 uym/pix 3.88
8 17.575 px | 8.53 x 107 m/pix 0.853 pm/pix 4.04
9 18.038 px | 8.32 x 10~7 m/pix 0.832 um/pix 4.15
10 16.378 px | 9.16 x 107 m/pix 0.916 um/pix 3.77
11 18.842 px | 7.96 X 10~7 m/pix 0.796 um/pix 4.33
12 17.649 px | 8.50 x 107 m/pix 0.850 pm/pix 4.06
Average | 17.837 px | 8.43 x 1077 m/pix 0.843 pm/pix 4.10
Std. 0.827 px 3.91 x 10~ m/pix 0.039 um/pix 0.19

Table C.1: Multiple measurements done on beads with a diameter of 15 pm in the microfluidic chip using the optical setup. The
measured size, in terms of camera pixels, gives the conversion using the ground truth of 15 um. This conversion gives the

magnification from the chip to the camera.
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C. Results: Optical setup

Robot full length: 200 pm
Measurement | Pixels (px) | Conversion (m/pix) | Conversion (um/pix) | Magnification Mchip—cam

1 260.427 px | 7.68 x 10”7 m/pix 0.768 pm/pix 4.49

2 249.802 px | 8.01 x 107 m/pix 0.801 um/pix 4.31

3 245.726 px | 8.14 x 10~7 m/pix 0.814 um/pix 4.24

4 259.939 px | 7.69 x 10~7 m/pix 0.769 pm/pix 4.48

5 257.004 px | 7.78 x 10~7 m/pix 0.778 pm/pix 4.43

6 253.283 px | 7.90 x 107 m/pix 0.790 pum/pix 4.37
Average 254.364 px | 7.87 x 10~7 m/pix 0.787 um/pix 4.388
Std. 5.855 px 1.83 x 1078 m/pix 0.018 pm/pix 0.101

Table C.2: Multiple measurements done on the microbot with a diameter of 200 ym in the microfluidic chip using the optical
setup. The measured size, in terms of camera pixels, gives the conversion using the ground truth of 200 pm. This conversion
gives the magnification from the chip to the camera.

Robot circle diameter: 125 ym
Measurement | Pixels (px) | Conversion (m/pix) | Conversion (um/pix) | Magnification Mchip—.cam

1 153.48 px | 8.14 x 10~7 m/pix 0.814 um/pix 4.24

2 154.225 px | 8.11 x 10~7 m/pix 0.811 um/pix 4.26

3 147.98 px | 8.45 x 10~7 m/pix 0.845 pm/pix 4.08

4 155.732 px | 8.03 x 1077 m/pix 0.803 um/pix 4.30

5 144.462 px | 8.65 x 1077 m/pix 0.865 um/pix 3.99

6 148.106 px | 8.44 x 107 m/pix 0.844 pm/pix 4.09
Average 150.664 px | 8.30 x 1077 m/pix 0.830 pm/pix 4.158
Std. 4.439 px 2.46 x 1078 m/pix 0.025 pm/pix 0.123

Table C.3: Multiple measurements done on the outer radius of the microbot, i.e. the microbot without the teeth, with a diameter
of 125 pym in the microfluidic chip using the optical setup. The measured size, in terms of camera pixels, gives the conversion
using the ground truth of 125 pm. This conversion gives the magnification from the chip to the camera.

Robot leg width: 25 ym

Measurement | Pixels (px) | Conversion (m/pix) | Conversion (um/pix) | Magnification Mchip—cam
1 32.867 px | 7.61 x 10~7 m/pix 0.761 um/pix 4.54
2 29.77 px | 8.40 x 10”7 m/pix 0.840 um/pix 4.11
3 34.47 px 7.25 x 1077 m/pix 0.725 pum/pix 4.76
4 33.215px | 7.53 x 1077 m/pix 0.753 pm/pix 4.58
5 31.314 px | 7.98 x 1077 m/pix 0.798 uym/pix 4.32
6 32.069 px | 7.80 x 1077 m/pix 0.780 um/pix 4.43
7 31.064 px | 8.05 x 10~7 m/pix 0.805 um/pix 4.29
Average 32.110 px | 7.80 x 10~7 m/pix 0.780 pm/pix 4.431
Std. 1.558 px | 3.80 x 10~8 m/pix 0.038 um/pix 0.215

Table C.4: Multiple measurements done on the width of the teeth of the microbot with a length of 25 pm in the microfluidic chip
using the optical setup. The measured size, in terms of camera pixels, gives the conversion using the ground truth of 25 ym.
This conversion gives the magnification from the chip to the camera.
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C.1.2. Magnification DMD to camera

Sweep 30 pixels: 3.24E-04 m
Measurement | Camera Pixels (px) | Conversion (m/pix) | Conversion (um/pix) | Magnification M

1 62.000 px 5.23 X 10~ m/pix 5.23 pym/pix 0.660

2 60.500 px 5.36 X 10~® m/pix 5.36 um/pix 0.644

3 60.167 px 5.39 X 10~ m/pix 5.39 um/pix 0.641

4 60.667 px 5.34 x 107° m/pix 5.34 um/pix 0.646

5 60.500 px 5.36 X 10~® m/pix 5.36 pm/pix 0.644

6 58.875 px 5.50 x 10~ m/pix 5.50 pm/pix 0.627
Average 60.451 px 5.36 x 107° m/pix 5.361 um/pix 0.644
Std. 1.002 px 8.89 x 10~ m/pix 0.089 um/pix 0.0M1

Table C.5: Multiple measurements done on the width of the sweep animation created by the DMD and projected on the microfluidic
chip. The sweep has a thickness of 30 pixels which is equal to 324 um on the DMD. The measured size, in terms of camera
pixels, gives the conversion from pixel to um. This conversion gives the magnification from the DMD to the camera.

Sweep 60 pixels: 6.48E-04 m

Measurement | Camera Pixels (px) | Conversion (m/pix) | Conversion (um/pix) | Magnification M

1 124.667 px 5.20 x 10~ m/pix 5.20 pm/pix 0.664

2 125.667 px 5.16 x 10~ m/pix 5.16 pm/pix 0.669

3 126.667 px 5.12 X 10~ m/pix 5.12 ym/pix 0.674

4 127.667 px 5.08 x 107° m/pix 5.08 um/pix 0.680

5 128.667 px 5.04 X 10~ m/pix 5.04 pm/pix 0.685

6 129.667 px 5.00 x 10~ m/pix 5.00 um/pix 0.690
Average 127.167 px 5.10 x 107° m/pix 5.097 um/pix 0.677
Std. 1.871 px 7.50 X 10~ m/pix 0.075 pm/pix 0.010

Table C.6: Multiple measurements done on the width of the sweep animation created by the DMD and projected on the microfluidic
chip. The sweep has a thickness of 60 pixels which is equal to 648 um on the DMD. The measured size, in terms of camera
pixels, gives the conversion from pixel to um. This conversion gives the magnification from the DMD to the camera.

Sweep 90 pixels: 9.72 x 10™* m

Measurement | Camera Pixels (px) | Conversion (m/pix) | Conversion (um/pix) | Magnification M

1 187.500 px 5.18 x 10~ m/pix 5.18 um/pix 0.666

2 188.500 px 5.16 X 10~ m/pix 5.16 um/pix 0.669

3 189.500 px 5.13 X 10~% m/pix 5.13 um/pix 0.673

4 190.500 px 5.10 X 10~ m/pix 5.10 ym/pix 0.676

5 191.500 px 5.08 X 107¢ m/pix 5.08 pm/pix 0.680

6 192.500 px 5.05 x 10~ m/pix 5.05 um/pix 0.683
Average 190.000 px 5.12 X 10~ m/pix 5.116 um/pix 0.674
Std. 1.871 px 5.04 X 108 m/pix 0.050 pm/pix 0.007

Table C.7: Multiple measurements done on the width of the sweep animation created by the DMD and projected on the microfluidic
chip. The sweep has a thickness of 90 pixels which is equal to 972 ym on the DMD. The measured size, in terms of camera
pixels, gives the conversion from pixel to um. This conversion gives the magnification from the DMD to the camera.
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Sweep 120 pixels: 1.30 x 1073 m
Measurement | Pixels (px) | Conversion (m/pix) | Conversion (um/pix) | Magnification M

1 252.000 px 5.14 x 10~¢ m/pix 5.14 pm/pix 0.671

2 253.000 px 5.12 x 10~° m/pix 5.12 pym/pix 0.673

3 254.000 px 5.10 X 10~° m/pix 5.10 pym/pix 0.676

4 255.000 px | 5.08 x 107° m/pix 5.08 um/pix 0.679

5 256.000 px | 5.06 x 10~° m/pix 5.06 pm/pix 0.681

6 257.000 px 5.04 x 10~ m/pix 5.04 um/pix 0.684
Average 254.500 px | 5.09 x 10~ m/pix 5.093 um/pix 0.677
Std. 1.871 px 3.74 x 10~ m/pix 0.037 um/pix 0.005

Table C.8: Multiple measurements done on the width of the sweep animation created by the DMD and projected on the microfluidic
chip. The sweep has a thickness of 120 pixels which is equal to 1296 pm on the DMD. The measured size, in terms of camera
pixels, gives the conversion from pixel to um. This conversion gives the magnification from the DMD to the camera.

C.2. Optical efficiency
C.2.1. Optical power

Direct Focused LED Light - Thorlabs M455D3
Power Meas. 1 Meas. 2 Meas. 3 Mean Std.
1.00 1.18 x 108 nW | 1.26 x 108 nW | 1.34 x 108 nW | 1.26 x 108 nW | 7.85 x 10® nW
0.83 9.53 x 107 nW | 9.84 x 107 nW | 1.05 x 108 nW | 9.94 x 107 nW | 4.69 x 10® nW
0.75 6.44 x 107 nW | 7.53 x 107 nW | 7.64 x 107 nW | 7.20 x 107 nW | 6.63 x 10® nW
0.67 | 447 x 107 nW | 478 x 10’ nW | 4.97 x 107 nW | 4.74 x 10’ nW | 2.52 x 10® nW
0.50 1.53 x 107 nW | 1.59 x 107 nW | 1.74 x 107 nW | 1.62 x 107 nW | 1.08 x 10° nW
0.33 9.21 x 10 nW | 1.01 x 107 nW | 1.07 x 107 nW | 9.99 x 10 nW | 7.57 x 10°> nW
0.25 6.80 x 10° nW | 6.93 x 10° nW | 7.31 x 10® nW | 7.01 x 10 nW | 2.65 x 10> nW
0.17 | 3.60 x 10° nW | 3.95 x 10° nW | 4.19 x 10° nW | 3.91 x 10 nW | 2.97 x 10° nW

Table C.9: Measured optical power with different relative amounts of electrical power. When the power switch if fully on, the
power is 1, while when half on, the power is 0.5. The LED used is the Thorlabs M455D3 and is measured by directly focusing

the LED light on the power meter.

Direct Focused LED Light - Roschwege HighPower LED Koningsblauw
Power Meas. 1 Meas. 2 Meas. 3 Mean Std.
1.00 4.62 %107 nW | 4.75 x 107 nW | 4.79 x 107 nW | 4.72 x 107 nW | 7.26 x 10° nW
0.75 3.02 x 107 nW | 3.06 x 107 nW | 3.02 x 107 nW | 3.03 x 107 nW | 1.89 x 105 nW
0.50 7.97 x 106 nW | 8.28 x 10 nW | 8.28 x 106 nW | 8.18 x 10° nW | 1.46 x 10° nW
0.25 | 3.54x10°nW | 3.64 x 10 nW | 3.85 x 10° nW | 3.68 x 10° nW | 1.29 x 10° nW

Table C.10: Measured optical power with different relative amounts of electrical power. When the power switch if fully on, the
power is 1, while when half on, the power is 0.5. The LED used is the Roschwege HighPower LED Koningsblauw and is measured
by directly focusing the LED light on the power meter.
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C.2.2. Intensity measurements 445 nm

Focussed after alignment mirrors - Thorlabs M455D3

Power Meas. 1 Meas. 2 Meas. 3 Mean Std.
1.00 | 9.74E+07 nW | 9.70E+07 nW | 9.81E+07 nW | 9.75E+07 nW | 5.57E+05 nW
0.75 | 5.81E+07 nW | 5.85E+07 nW | 5.76E+07 nW | 5.81E+07 nW | 4.51E+05 nW
0.50 | 1.25E+07 nW | 1.28E+07 nW | 1.28E+07 nW | 1.27E+07 nW | 1.93E+05 nW
0.25 | 5.68E+06 nW | 5.66E+06 nW | 5.69E+06 nW | 5.68E+06 nW | 1.53E+04 nW

Not focussed after alignment mirrors - Thorlabs M455D3

Power Meas. 1 Meas. 2 Meas. 3 Mean Std.
1.00 | 3.31E+07 nW | 3.31E+07 nW | 3.31E+07 nW | 3.31E+07 nW | 3.06E+04 nW
0.75 | 1.92E+07 nW | 1.93E+07 nW | 1.93E+07 nW | 1.93E+07 nW | 5.51E+04 nW
0.50 | 4.24E+06 nW | 4.25E+06 nW | 4.23E+06 nW | 4.24E+06 nW | 1.00E+04 nW
0.25 | 2.03E+06 nW | 2.03E+06 nW | 2.04E+06 nW | 2.03E+06 nW | 5.77E+02 nW

Table C.11: Measured optical power after the allignment mirrors with different relative amounts of electrical power. When the
power switch if fully on, the power is 1, while when half on, the power is 0.5. The LED used is the Thorlabs M455D3 and is
measured by directly focusing the LED light on the power meter in the upper table.

Focussed after DMD with full white screen - Thorlabs M455D3

Power Meas. 1 Meas. 2 Meas. 3 Mean Std.
1.00 | 4.25E+07 nW | 4.22E+07 nW | 4.23E+07 nW | 4.23E+07 nW | 1.53E+05 nW
0.75 | 2.39E+07 nW | 2.40E+07 nW | 2.38E+07 nW | 2.39E+07 nW | 8.96E+04 nW
0.50 | 5.43E+06 nW | 5.44E+06 nW | 5.61E+06 nW | 5.49E+06 nW | 1.01E+05 nW
0.25 | 2.35E+06 nW | 2.40E+06 nW | 2.40E+06 nW | 2.38E+06 nW | 2.92E+04 nW

Focussed after DMD with a 64 pixel checker pattern - Thorlabs M455D3

Power Meas. 1 Meas. 2 Meas. 3 Mean Std.
1.00 | 2.11E+07 nW | 2.10E+07 nW | 2.09E+07 nW | 2.10E+07 nW | 8.02E+04 nW
0.75 | 1.24E+07 nW | 1.23E+07 nW | 1.20E+07 nW | 1.22E+07 nW | 1.73E+05 nW
0.50 | 2.71E+06 nW | 2.76E+06 nW | 2.73E+06 nW | 2.73E+06 nW | 2.72E+04 nW
0.25 | 1.19E+06 nW | 1.13E+06 nW | 1.16E+06 nW | 1.16E+06 nW | 2.97E+04 nW

Focussed after DMD with only the single center mirror - Thorlabs M455D3

Power Meas. 1 Meas. 2 Meas. 3 Mean Std.
1.00 | 4.61E+03 nW | 4.63E+03 nW | 4.59E+03 nW | 4.61E+03 nW | 2.00E+01 nW
0.75 | 2.78E+03 nW | 2.67E+03 nW | 2.69E+03 nW | 2.71E+03 nW | 5.86E+01 nW
0.50 | 6.80E+02 nW | 8.40E+02 nW | 7.00E+02 nW | 7.40E+02 nW | 8.72E+01 nW
0.25 | 4.20E+02 nW | 3.20E+02 nW | 4.30E+02 nW | 3.90E+02 nW | 6.08E+01 nW

Table C.12: Measured optical power after the DMD with different relative amounts of electrical power. When the power switch
if fully on, the power is 1, while when half on, the power is 0.5. The DMD shows three different patterns: a full white screen, a
64 pixel sided checker, and a single mirror flipped on in the center. The LED used is the Thorlabs M455D3 and is measured by
directly focusing the LED light on the power meter in the upper table.
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Not focussed after DMD with full white screen - Thorlabs M455D3
Power Meas. 1 Meas. 2 Meas. 3 Mean Std.
1.00 | 1.37E+07 nW | 1.37E+07 nW | 1.35E+07 nW | 1.36E+07 nW | 1.47E+05 nW
0.75 | 7.75E+06 nW | 8.04E+06 nW | 7.70E+06 nW | 7.83E+06 nW | 1.84E+05 nW
0.50 | 1.79E+06 nW | 1.79E+06 nW | 1.80E+06 nW | 1.80E+06 nW | 7.57E+03 nW
0.25 | 8.03E+05nW | 7.68E+05 nW | 7.85E+05 nW | 7.85E+05 nW | 1.75E+04 nW
Not focussed after DMD with a 64 pixel checker pattern - Thorlabs M455D3
Power Meas. 1 Meas. 2 Meas. 3 Mean Std.
1.00 | 6.69E+06 nW | 6.74E+06 nW | 6.73E+06 nW | 6.72E+06 nW | 2.65E+04 nW
0.75 | 3.96E+06 nW | 3.98E+06 nW | 3.84E+06 nW | 3.92E+06 nW | 7.49E+04 nW
0.50 | 8.90E+05nW | 8.72E+05 nW | 8.85E+05 nW | 8.82E+05 nW | 9.29E+03 nW
0.25 | 3.85E+05nW | 3.63E+05 nW | 3.75E+05 nW | 3.74E+05 nW | 1.10E+04 nW
Not focussed after DMD with only the single center mirror - Thorlabs M455D3
Power Meas. 1 Meas. 2 Meas. 3 Mean Std.
1.00 | 1.51E+03 nW | 1.62E+03 nW | 1.19E+03 nW | 1.44E+03 nW | 2.21E+02 nW
0.75 | 6.94E+02 nW | 6.99E+02 nW | 7.52E+02 nW | 7.15E+02 nW | 3.21E+01 nW
0.50 | 2.07E+02 nW | 2.09E+02 nW | 2.06E+02 nW | 2.07E+02 nW | 1.35E+00 nW
0.25 | 1.17E+02 nW | 1.19E+02 nW | 1.20E+02 nW | 1.19E+02 nW | 1.40E+00 nW

Table C.13: Measured optical power after the DMD with different relative amounts of electrical power. When the power switch if
fully on, the power is 1, while when half on, the power is 0.5. The DMD shows three different patterns: a full white screen, a 64

pixel sided checker, and a single mirror flipped on in the center. The LED used is the Thorlabs M455D3.

After the objective with DMD with full white screen - Thorlabs M455D3

Power Meas. 1 Meas. 2 Meas. 3 Mean Std.
1.00 | 6.60E+06 nW | 6.57E+06 nW | 6.58E+06 nW | 6.58E+06 nW | 1.53E+04 nW
0.75 | 3.62E+06 nW | 3.65E+06 nW | 3.77E+06 nW | 3.68E+06 nW | 8.11E+04 nW
0.50 | 9.02E+05 nW | 8.85E+05 nW | 8.88E+05 nW | 8.92E+05 nW | 9.07E+03 nW
0.25 | 3.65E+05 nW | 3.70E+05 nW | 3.75E+05 nW | 3.70E+05 nW | 4.92E+03 nW

After the objective with DMD with a 64 pixel checker pattern - Thorlabs M455D3

Power Meas. 1 Meas. 2 Meas. 3 Mean Std.
1.00 | 3.31E+06 nW | 3.29E+06 nW | 3.29E+06 nW | 3.30E+06 nW | 1.49E+04 nW
0.75 | 1.86E+06 nW | 1.87E+06 nW | 1.86E+06 nW | 1.86E+06 nW | 6.08E+03 nW
0.50 | 4.40E+05nW | 4.45E+05 nW | 4.34E+05 nW | 4.40E+05 nW | 5.77E+03 nW
0.25 | 1.86E+05nW | 1.82E+05 nW | 1.86E+05 nW | 1.85E+05 nW | 2.08E+03 nW

After the objective with DMD with only the single cen

ter mirror - Thorlabs M455D3

Power Meas. 1 Meas. 2 Meas. 3 Mean Std.
1.00 1.13E+02 nW | 1.15E+02 nW | 1.14E+02 nW | 1.14E+02 nW | 8.14E-01 nW
0.75 | 716E+01 nW | 7.15E+01 nW | 7.42E+01 nW | 7.24E+01 nW | 1.53E+00 nW
0.50 | 3.05E+01 nW | 3.12E+01 nW | 3.74E+01 nW | 3.30E+01 nW | 3.80E+00 nW
0.25 | 2.36E+01 nW | 2.37E+01 nW | 2.36E+01 nW | 2.36E+01 nW | 5.77E-02 nW

Table C.14: Measured optical power after the final objective lens with different relative amounts of electrical power. When the
power switch if fully on, the power is 1, while when half on, the power is 0.5. The DMD shows three different patterns: a full white
screen, a 64 pixel sided checker, and a single mirror flipped on in the center. The LED used is the Thorlabs M455D3.
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Focussed before the objective with DMD with full white screen - Thorlabs M455D3
Power Meas. 1 Meas. 2 Meas. 3 Mean Std.
1.00 | 1.46E+07 nW | 1.48E+07 nW | 1.47E+07 nW | 1.47E+07 nW | 8.39E+04 nW
0.75 | 8.31E+06 nW | 8.33E+06 nW | 8.35E+06 nW | 8.33E+06 nW | 2.00E+04 nW
0.50 | 1.94E+06 nW | 1.93E+06 nW | 1.93E+06 nW | 1.93E+06 nW | 6.66E+03 nW
0.25 | 8.48E+05nW | 8.15E+05 nW | 8.22E+05 nW | 8.28E+05 nW | 1.74E+04 nW
Focussed before the objective with DMD with a 64 pixel checker pattern - Thorlabs M455D3
Power Meas. 1 Meas. 2 Meas. 3 Mean Std.
1.00 | 7.44E+06 nW | 7.41E+06 nW | 7.39E+06 nW | 7.41E+06 nW 2.52E+04 nW
0.75 | 4.38E+06 nW | 4.15E+06 nW | 4.20E+06 nW | 4.24E+06 nW 1.22E+05 nW
0.50 | 9.63E+05 nW | 9.63E+05 nW | 9.57E+05 nW | 9.61E+05 nW 3.46E+03 nW
0.25 | 4.10E+05nW | 4.16E+05 nW | 4.13E+05 nW | 4.13E+05 nW 3.10E+03 nW
Focussed before the objective with DMD with only the single center mirror - Thorlabs M455D3
Power Meas. 1 Meas. 2 Meas. 3 Mean Std.
1.00 | 4.16E+02 nW | 4.18E+02 nW | 4.15E+02 nW | 4.16E+02 nW 1.53E+00 nW
0.75 | 2.39E+02 nW | 2.29E+02 nW | 2.40E+02 nW | 2.36E+02 nW 5.66E+00 nW
0.50 | 6.10E+01 nW | 6.02E+01 nW | 6.07E+01 nW | 6.06E+01 nW 4.04E-01 nW
0.25 | 2.78E+01 nW | 2.62E+01 nW | 2.85E+01 nW | 2.75E+01 nW 1.18E+00 nW

Table C.15: Measured optical power before the final objective lens with different relative amounts of electrical power. When the
power switch if fully on, the power is 1, while when half on, the power is 0.5. The DMD shows three different patterns: a full
white screen, a 64 pixel sided checker, and a single mirror flipped on in the center. The LED used is the Thorlabs M455D3 and
is measured by directly focusing the LED light on the power meter in the upper table.

Noise Measurements - Thorlabs M455D3
Measurement | After DMD | Before Objective | After Objective
1 71.1 nW 4.70 nW 17.4 nW
2 69.9 nW 4.70 nW 19.5 nW
3 62.4 nW 5.00 nW 18.6 nW
4 63.4 nW 3.60 nW 18.5 nW
5 69.8 nW 5.20 nW 18.7 nW
6 64.2 nW 5.00 nW 18.6 nW
7 70.9 nW 4.90 nW 18.6 nW
8 68.8 nW 4.80 nW 18.6 nW
Mean 67.6 nW 4.74 nW 18.6 nW
Std. 3.60 nW 0.49 nW 0.57 nW

Table C.16: Noise measurements taken at different positions in the setup for the Thorlabs M455D3.
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C.2.3. Intensity measurements 480 nm

Table C.17: Noise measurements taken at different positions in the setup for the Roschwege HighPower LED Koningsblauw.

Noise Measurements - Roschwege HighPower LED Koningsblauw
Measurement | After DMD | Before Objective After Objective
1 15.2 nW 1.40 nW 25.4 nW
2 14.6 nW 1.90 nW 25.5nW
3 14.2 nW 1.80 nW 25.3 nW
4 14.5 nW 1.70 nW 25.3 nW
5 13.9 nW 1.40 nW 252 nW
6 14.4 nW 1.90 nW 251 nW
7 14.4 nW 1.60 nW 24.6 nW
8 13.8 nW 1.70 nW 25.0 nW
Mean 14.4 nW 1.68 nW 252 nW
Std. 0.409 nW 0.185 nW 0.263 nW

Focussed after alignment mirrors - Roschwege HighPower LED Koningsblauw

Power Meas. 1 Meas. 2 Meas. 3 Mean Std.
1.00 | 3.35e+07 nW | 3.29E+07 nW | 3.31E+07 nW | 3.32E+07 nW | 2.49E+05 nW
0.75 | 2.24E+07 nW | 2.22E+07 nW | 2.12E+07 nW | 2.19E+07 nW | 5.08E+05 nW
0.50 | 5.79E+06 nW | 5.72E+06 nW | 5.50E+06 nW | 5.67E+06 nW | 1.24E+05 nW
0.25 | 2.47E+06 nW | 2.51E+06 nW | 2.35E+06 nW | 2.44E+06 nW | 6.75E+04 nW

Not focussed after alignment mirrors

- Roschwege HighPower LED Koningsblauw

Power Meas. 1 Meas. 2 Meas. 3 Mean Std.
1.00 1.03E+07 nW | 1.02E+07 nW | 1.02E+07 nW | 1.02E+07 nW | 2.05E+04 nW
0.75 | 6.81E+06 nW | 6.97E+06 nW | 6.62E+06 nW | 6.80E+06 nW | 1.43E+05 nW
0.50 1.81E+06 nW | 1.77E+06 nW | 1.77E+06 nW | 1.78E+06 nW | 1.99E+04 nW
0.25 | 7.78E+05 nW | 7.84E+05 nW | 7.80E+05 nW | 7.81E+05 nW | 2.49E+03 nW

Table C.18: Measured optical power after the allignment mirrors with different relative amounts of electrical power. When the
power switch if fully on, the power is 1, while when half on, the power is 0.5. The LED used is the Roschwege HighPower LED
Koningsblauw and is measured by directly focusing the LED light on the power meter in the upper table.
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Roschwege HighPower LED Koningsblauw
Focussed after DMD with full white screen
Power Meas. 1 Meas. 2 Meas. 3 Mean Std.
1.00 | 1.28E+07 nW | 1.27E+07 nW | 1.30E+07 nW | 1.29E+07 nW | 1.22E+05 nW
0.75 | 8.06E+06 nW | 7.86E+06 nW | 8.35E+06 nW | 8.09E+06 nW | 2.01E+05 nW
0.50 | 2.20E+06 nW | 2.33E+06 nW | 2.29E+06 nW | 2.27E+06 nW | 5.38E+04 nW
0.25 | 9.82E+05nW | 9.84E+05 nW | 9.88E+05 nW | 9.85E+05 nW | 2.49E+03 nW
Roschwege HighPower LED Koningsblauw
Focussed after DMD with a 64 pixel checker pattern
Power Meas. 1 Meas. 2 Meas. 3 Mean Std.
1.00 | 6.46E+06 nW | 6.46E+06 nW | 6.47E+06 nW | 6.46E+06 nW | 4.71E+03 nW
0.75 | 4.40E+06 nW | 4.00E+06 nW | 4.13E+06 nW | 4.18E+06 nW | 1.67E+05 nW
0.50 | 1.16E+06 nW | 1.14E+06 nW | 1.14E+06 nW | 1.14E+06 nW | 8.26E+03 nW
0.25 | 5.88E+05nW | 5.86E+05 nW | 5.36E+05 nW | 5.70E+05 nW | 2.41E+04 nW
Roschwege HighPower LED Koningsblauw
Focussed after DMD with only the single center mirror
Power Meas. 1 Meas. 2 Meas. 3 Mean Std.
1.00 | 7.83E+02 nW | 8.85E+02 nW | 7.48E+02 nW | 8.05E+02 nW | 5.81E+01 nW
0.75 | 5.20E+02 nW | 5.86E+02 nW | 5.18E+02 nW | 5.41E+02 nW | 3.16E+01 nW
0.50 | 1.55E+02 nW | 1.69E+02 nW | 1.49E+02 nW | 1.58E+02 nW | 8.10E+00 nW
0.25 | 8.36E+01 nW | 9.28E+01 nW | 8.65E+01 nW | 8.76E+01 nW | 3.84E+00 nW

Table C.19: Measured optical power after the DMD with different relative amounts of electrical power. When the power switch if
fully on, the power is 1, while when half on, the power is 0.5. The DMD shows three different patterns: a full white screen, a 64
pixel sided checker, and a single mirror flipped on in the center. The LED used is the Roschwege HighPower LED Koningsblauw
and is measured by directly focusing the LED light on the power meter in the upper table.
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Roschwege HighPower LED Koningsblauw
Not Focussed after DMD with Full White Screen
Power Meas. 1 Meas. 2 Meas. 3 Mean Std.
1.00 | 3.21E+06 nW | 3.19E+06 nW | 3.23E+06 nW | 3.21E+06 nW | 1.63E+04 nW
0.75 | 2.16E+06 nW | 2.17E+06 nW | 2.10E+06 nW | 2.14E+06 nW | 3.04E+04 nW
0.50 | 6.20E+05nW | 5.94E+05 nW | 6.08E+05 nW | 6.07E+05 nW | 1.06E+04 nW
0.25 | 2.68E+05nW | 2.86E+05 nW | 2.88E+05 nW | 2.81E+05 nW | 8.99E+03 nW
Roschwege HighPower LED Koningsblauw
Not Focussed after DMD with a 64 Pixel Checker Pattern
Power Meas. 1 Meas. 2 Meas. 3 Mean Std.
1.00 | 1.61E+06 nW | 1.62E+06 nW | 1.52E+06 nW | 1.58E+06 nW | 4.30E+04 nW
0.75 | 1.04E+06 nW | 1.05E+06 nW | 1.01E+06 nW | 1.03E+06 nW | 1.53E+04 nW
0.50 | 3.04E+05nW | 3.05E+05 nW | 2.70E+05 nW | 2.93E+05 nW | 1.63E+04 nW
0.25 | 1.49E+05nW | 1.48E+05 nW | 1.24E+05 nW | 1.40E+05 nW | 1.16E+04 nW
Roschwege HighPower LED Koningsblauw
Not Focussed after DMD with Only the Single Center Mirror
Power Meas. 1 Meas. 2 Meas. 3 Mean Std.
1.00 | 2.11E+02 nW | 1.90E+02 nW | 1.93E+02 nW | 1.98E+02 nW | 8.85E+00 nW
0.75 | 1.43E+02 nW | 1.36E+02 nW | 1.27E+02 nW | 1.35E+02 nW | 6.46E+00 nW
0.50 | 5.01E+01 nW | 4.67E+01 nW | 4.51E+01 nW | 4.73E+01 nW | 2.08E+00 nW
0.25 | 3.15E+01 nW | 3.04E+01 nW | 2.98E+01 nW | 3.06E+01 nW | 7.04E-01 nW

Table C.20: Measured optical power after the DMD with different relative amounts of electrical power. When the power switch if
fully on, the power is 1, while when half on, the power is 0.5. The DMD shows three different patterns: a full white screen, a 64
pixel sided checker, and a single mirror flipped on in the center. The LED used is the Roschwege HighPower LED Koningsblauw.
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Roschwege HighPower LED Koningsblauw
After the Objective with DMD with Full White Screen
Power Meas. 1 Meas. 2 Meas. 3 Mean Std.
1.00 | 1.03E+06 nW | 1.03E+06 nW | 1.03E+06 nW | 1.03E+06 nW | 2.16E+03 nW
0.75 | 6.47E+05nW | 6.68E+05 nW | 6.65E+05 nW | 6.60E+05 nW | 9.27E+03 nW
0.50 | 1.96E+05nW | 1.95E+05 nW | 1.95E+05 nW | 1.95E+05 nW | 4.19E+02 nW
0.25 | 9.50E+04 nW | 9.78E+04 nW | 9.80E+04 nW | 9.69E+04 nW | 1.37E+03 nW
Roschwege HighPower LED Koningsblauw
After the Objective with DMD with a 64 Pixel Checker Pattern
Power Meas. 1 Meas. 2 Meas. 3 Mean Std.
1.00 | 5.18E+05nW | 5.19E+05 nW | 5.17E+05 nW | 5.18E+05 nW | 8.16E+02 nW
0.75 | 3.31E+05 nW | 3.22E+05 nW | 3.35E+05 nW | 3.29E+05 nW | 5.44E+03 nW
0.50 | 9.69E+04 nW | 9.84E+04 nW | 9.76E+04 nW | 9.76E+04 nW | 6.13E+02 nW
0.25 | 5.22E+04 nW | 5.22E+04 nW | 4.60E+04 nW | 5.01E+04 nW | 2.92E+03 nW
Roschwege HighPower LED Koningsblauw
After the Objective with DMD with Only the Single Center Mirror
Power Meas. 1 Meas. 2 Meas. 3 Mean Std.
1.00 | 4.05E+01 nW | 4.00E+01 nW | 3.91E+01 nW | 3.99E+01 nW | 5.79E-01 nW
0.75 | 3.24E+01 nW | 3.45E+01 nW | 3.33E+01 nW | 3.34E+01 nW | 8.60E-01 nW
0.50 | 2.75E+01 nW | 2.71E+01 nW | 2.71E+01 nW | 2.72E+01 nW | 1.89E-01 nW
0.25 | 2.68E+01 nW | 2.68E+01 nW | 2.48E+01 nW | 2.61E+01 nW | 9.43E-01 nW

Table C.21: Measured optical power after the final objective lens with different relative amounts of electrical power. When the
power switch if fully on, the power is 1, while when half on, the power is 0.5. The DMD shows three different patterns: a full white
screen, a 64 pixel sided checker, and a single mirror flipped on in the center. The LED used is the Roschwege HighPower LED

Koningsblauw.
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Roschwege HighPower LED Koningsblauw
Focussed Before the Objective with Full White Screen
Power Meas. 1 Meas. 2 Meas. 3 Mean Std.
1.00 | 3.82E+06 nW | 3.95E+06 nW | 3.92E+06 nW | 3.90E+06 nW | 5.56E+04 nW
0.75 | 2.49E+06 nW | 2.39E+06 nW | 2.53E+06 nW | 2.47E+06 nW | 6.00E+04 nW
0.50 | 6.86E+05nW | 6.75E+05 nW | 7.10E+05 nW | 6.90E+05 nW | 1.46E+04 nW
0.25 | 3.12E+05nW | 3.20E+05 nW | 3.26E+05 nW | 3.19E+05 nW | 5.80E+03 nW
Roschwege HighPower LED Koningsblauw
Focussed Before the Objective with a 64 Pixel Checker Pattern
Power Meas. 1 Meas. 2 Meas. 3 Mean Std.
1.00 | 1.98E+06 nW | 1.97E+06 nW | 1.93E+06 nW | 1.96E+06 nW | 2.16E+04 nW
0.75 | 1.29E+06 nW | 1.19E+06 nW | 1.22E+06 nW | 1.23E+06 nW | 4.25E+04 nW
0.50 | 3.35E+05nW | 3.47E+05 nW | 3.40E+05 nW | 3.41E+05 nW | 4.92E+03 nW
0.25 | 1.66E+05nW | 1.55E+05 nW | 1.52E+05 nW | 1.58E+05 nW | 5.65E+03 nW
Roschwege HighPower LED Koningsblauw
Focussed Before the Objective with Only the Single Center Mirror
Power Meas. 1 Meas. 2 Meas. 3 Mean Std.
1.00 | 9.53E+01 nW | 9.10E+01 nW | 9.74E+01 nW | 9.46E+01 nW | 2.66E+00 nW
0.75 | 5.93E+01 nW | 5.92E+01 nW | 5.88E+01 nW | 5.91E+01 nW | 2.16E-01 nW
0.50 | 1.77E+01 nW | 1.63E+01 nW | 1.88E+01 nW | 1.76E+01 nW | 1.02E+00 nW
0.25 | 8.90E+00 nW | 8.40E+00 nW | 9.30E+00 nW | 8.87E+00 nW | 3.68E-01 nW

Table C.22: Measured optical power before the final objective lens with different relative amounts of electrical power. When the
power switch if fully on, the power is 1, while when half on, the power is 0.5. The DMD shows three different patterns: a full white
screen, a 64 pixel sided checker, and a single mirror flipped on in the center. The LED used is the Roschwege HighPower LED
Koningsblauw and is measured by directly focusing the LED light on the power meter in the upper table.
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C.3. Resolution
C.3.1. 4 ym TetraSpeck FI

uorescent bead

Spatial Resolution - 4 ym Bead
Bead | Gaussian Fit Std. (um) | FWHM (um)
1 1.4906 pm 3.5100 pm
2 1.4310 ym 3.3697 uym
3 1.4955 ym 3.5216 ym
4 1.5719 um 3.7014 ym
5 1.4018 pm 3.3009 pm
6 1.4009 uym 3.2988 uym
7 1.4595 ym 3.4368 ym
8 1.4706 um 3.4631 um
9 1.6166 um 3.8068 um
10 1.5278 pm 3.5977 pm
Mean 1.4866 ym 3.5007 ym
Std. 0.0704 pm 0.1657 pm

Table C.23: Spatial resolution measurements for a 4 um TetraSpeck Fluorescent bead. The standard deviation of the Gaussian

fit on the PSF and its full-width at half-maximum (FWHM) values are shown in micrometers (um).

Depth of Focus (DoF) - 4 ym Bead
Bead | Gaussian Fit Std. (um) | FWHM (um)
1 41.3558 ym 97.3855 um
2 37.5107 ym 88.3308 um
3 37.1393 um 87.4564 pm
4 36.8303 um 86.7287 uym
5 35.2463 ym 82.9987 um
6 38.1198 ym 89.7652 um
7 36.9220 uym 86.9446 um
8 33.9053 ym 79.8409 um
9 38.4870 um 90.6300 uym
10 40.4785 ym 95.3195 um
Mean 37.5995 um 88.5400 um
Std. 2.2089 ym 5.2015 ym

Table C.24: Depth of Focus (DoF) measurements for a TetraSpeck Fluorescent 4 ym bead. The standard deviation of the

Gaussian fit on the PSF and its full-width at half-maximum (FWHM) values are shown in micrometers (um).
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C.3.2. 1 ym TetraSpeck Fluorescent bead

Spatial Resolution - 1 ym Bead

Bead | Gaussian Fit Std. (um) | FWHM (um)
1 1.3926 um 3.2793 um
2 1.4494 ym 3.4130 ym
3 1.3194 ym 3.1068 ym
4 1.4653 um 3.4504 pym
5 1.3934 pm 3.2812 ym
6 1.4572 ym 3.4314 ym
7 1.4419 ym 3.3954 ym
8 1.4850 ym 3.4968 uym
9 1.4053 um 3.3093 ym
10 1.3960 um 3.2872 ym

Mean 1.4205 pm 3.3451 uym

Std. 0.0487 pym 0.1147 pym

Table C.25: Spatial resolution measurements for a 1 um TetraSpeck Fluorescent bead. The standard deviation of the Gaussian
fit on the PSF and its full-width at half-maximum (FWHM) values are shown in micrometers (um).

Depth of Focus (DoF) - 1 ym Bead
Bead | Gaussian Fit Std. (um) | FWHM (um)
1 34.15 ym 80.43 ym
2 40.97 uym 96.47 ym
3 37.28 um 87.79 um
4 30.11 um 70.90 um
5 45.55 ym 107.26 ym
6 38.11 ym 89.74 ym
7 34.14 um 80.39 um
8 39.30 um 92.55 um
9 38.91 ym 91.63 ym
10 42.36 pym 99.75 ym
Mean 38.09 um 89.69 um
Std. 4.47 pym 10.52 ym

Table C.26: Depth of Focus (DoF) measurements for a 1 ym TetraSpeck Fluorescent bead. The standard deviation of the
Gaussian fit on the PSF and its full-width at half-maximum (FWHM) values are shown in micrometers (um).
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C.3.3. 0.5 ym TetraSpeck Fluorescent bead

Spatial Resolution - 0.5 ym Bead
Bead | Gaussian Fit Std. (um) | FWHM (um)
1 1.367 pym 3.220 um
2 1.312 ym 3.088 um
3 1.516 ym 3.570 ym
4 1.473 um 3.468 um
5 1.421 ym 3.346 ym
6 1.398 ym 3.292 um
7 1.397 ym 3.289 um
8 1.392 um 3.277 ym
9 1.341 um 3.159 ym
10 1.391 ym 3.276 um
Mean 1.401 uym 3.299 um
Std. 0.059 ym 0.140 pym

Table C.27: Spatial resolution measurements for a 0.5 um TetraSpeck Fluorescent bead. The standard deviation of the Gaussian
fit on the PSF and its full-width at half-maximum (FWHM) values are shown in micrometers (um).

Depth of Focus - 0.5 ym Bead

Bead | Gaussian Fit Std. (um) | FWHM (pm)
1 40.76 pm 95.99 ym
2 40.81 ym 96.11 ym
3 40.14 pym 94.52 um
4 42.89 ym 100.99 pm
5 40.79 ym 96.06 ym
6 43.32 ym 102.02 ym
7 43.28 ym 101.93 pym
8 42.69 ym 100.54 pm
9 41.34 ym 97.36 ym
10 40.72 ym 95.89 ym

Mean 41.68 uym 98.14 um

Std. 1.23 ym 2.89 ym

Table C.28: Depth of focus (DoF) measurements for a 0.5 pym TetraSpeck Fluorescent bead. The standard deviation of the
Gaussian fit on the PSF and its full-width at half-maximum (FWHM) values are shown in micrometers (um).
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C.4. DMD measurements
C.4.1. DMD PSF measurements
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Figure C.1: A view of Fiji were we measured the PSF of a single 1 by 1 pixel DMD square projection on the chip. The left screen
shows the image of the DMD spot. The yellow line determines the cross-section at which the PSF on the right side is measured.
A Gaussian fit is put on the PSF, shown as the blue line.
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Figure C.2: A view of Fiji were we measured the PSF of a single 2 by 2 pixel DMD square projection on the chip. The left screen
shows the image of the DMD spot. The yellow line determines the cross-section at which the PSF on the right side is measured.
A Gaussian fit is put on the PSF, shown as the blue line.
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Figure C.3: A view of Fiji were we measured the PSF of a single 4 by 4 pixel DMD square projection on the chip. The left screen
shows the image of the DMD spot. The yellow line determines the cross-section at which the PSF on the right side is measured.
A Gaussian fit is put on the PSF, shown as the blue line.
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Figure C.4: A view of Fiji were we measured the PSF of a single 5 by 5 pixel DMD square projection on the chip. The left screen
shows the image of the DMD spot. The yellow line determines the cross-section at which the PSF on the right side is measured.
A Gaussian fit is put on the PSF, shown as the blue line.
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Figure C.5: A view of Fiji were we measured the PSF of a single 6 by 6 pixel DMD square projection on the chip. The left screen
shows the image of the DMD spot. The yellow line determines the cross-section at which the PSF on the right side is measured.
A Gaussian fit is put on the PSF, shown as the blue line.
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Figure C.6: A view of Fiji were we measured the PSF of a single 7 by 7 pixel DMD square projection on the chip. The left screen
shows the image of the DMD spot. The yellow line determines the cross-section at which the PSF on the right side is measured.
A Gaussian fit is put on the PSF, shown as the blue line.
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Figure C.7: A view of Fiji were we measured the PSF of a single 8 by 8 pixel DMD square projection on the chip. The left screen
shows the image of the DMD spot. The yellow line determines the cross-section at which the PSF on the right side is measured.
A Gaussian fit is put on the PSF, shown as the blue line.
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Figure C.8: A view of Fiji were we measured the PSF of a single 9 by 9 pixel DMD square projection on the chip. The left screen
shows the image of the DMD spot. The yellow line determines the cross-section at which the PSF on the right side is measured.
A Gaussian fit is put on the PSF, shown as the blue line.
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Figure C.9: A view of Fiji were we measured the PSF of a single 10 by 10 pixel DMD square projection on the chip. The left
screen shows the image of the DMD spot. The yellow line determines the cross-section at which the PSF on the right side is
measured. A Gaussian fit is put on the PSF, shown as the blue line.
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C. Results: Optical setup

C.4.2. Measurements on differently sized pixel grids

Grid of 1 by 1 Pixel Tiles
Position in Grid | Std. Gaussian Fit (um) | FWHM (um) | Max Intensity
Upper left 1.75544 pym 4.13375 um 3698
Upper right 1.65841 pm 3.90526 pm 2323
Lower right 1.18359 ym 2.78714 ym 3223
Lower left 1.69781 uym 3.99804 um 3439
Left middle 1.72277 ym 4.05681 ym 3343
Upper middle 1.48888 um 3.50604 uym 2163
Right middle 1.51763 ym 3.57375 um 4469
Lower middle 1.49136 pm 3.51188 um 5451
Center 1.51485 pm 3.56720 um 6958

Table C.29: The standard deviation of a Gaussian fit on the PSF, its FWHM, and maximum intensity for different positions in a
grid of 1 by 1 pixel tiles. Std. Gaussian Fit and FWHM are in micrometers (um), while intensity is greyvalues. The light source
used was a 455 nm LED.

Grid of 2 by 2 Pixel Tiles
Position in Grid | Std. Gaussian Fit (um) | FWHM (um) | Max Intensity
Upper left 2.17093 ym 5.11215 pm 15055
Upper right 1.76168 pm 4.14844 pym 8164
Lower right 1.66720 ym 3.92596 uym 15113
Lower left 2.08512 ym 4.91008 ym 14421
Left middle 1.90986 um 4.49738 ym 18440
Upper middle 1.83324 pm 4.31695 um 15244
Right middle 1.79790 ym 4.23373 ym 17326
Lower middle 1.82672 um 4.30160 ym 22317
Center 1.83311 ym 4.31664 ym 25249

Table C.30: The standard deviation of a Gaussian fit on the PSF, its FWHM, and maximum intensity for different positions in a
grid of 2 by 2 pixel tiles. Std. Gaussian Fit and FWHM are in micrometers (um), while intensity is greyvalues. The light source
used was a 455 nm LED.
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Grid of 3 by 3 Pixel Tiles
Position in Grid | Std. Gaussian Fit (um) | FWHM (um) | Max Intensity
Upper left 2.62612 ym 6.18404 uym 25706
Upper right 2.34151 ym 5.51383 um 13670
Lower right 2.38099 ym 5.60680 um 21680
Lower left 2.58285 um 6.08215 um 24773
Left middle 2.44853 ym 5.76585 um 30912
Upper middle 2.31901 ym 5.46085 um 26075
Right middle 2.29901 ym 5.41375 pym 28905
Lower middle 2.38242 ym 5.61017 um 36666
Center 2.45981 ym 5.79241 ym 38727

Table C.31: The standard deviation of a Gaussian fit on the PSF, its FWHM, and maximum intensity for different positions in a
grid of 3 by 3 pixel tiles. Std. Gaussian Fit and FWHM are in micrometers (um), while intensity is greyvalues. The light source
used was a 455 nm LED.

Grid of 4 by 4 Pixel Tiles
Position in Grid | Std. Gaussian Fit (um) | FWHM (um) | Max Intensity
Upper left 3.4083 uym 8.0259 um 35537
Upper right 31173 um 7.3407 um 18369
Lower right 3.0979 ym 7.2949 pm 27280
Lower left 3.2256 ym 7.5956 ym 33509
Left middle 3.0675 pm 7.2234 ym 41412
Upper middle 2.9572 ym 6.9637 um 34417
Right middle 2.9058 ym 6.8427 ym 35673
Lower middle 2.9635 pm 6.9784 ym 44600
Center 3.1413 ym 7.3971 pm 47477

Table C.32: The standard deviation of a Gaussian fit on the PSF, its FWHM, and maximum intensity for different positions in a
grid of 4 by 4 pixel tiles. Std. Gaussian Fit and FWHM are in micrometers (um), while intensity is greyvalues. The light source
used was a 455 nm LED.
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Grid of 5 by 5 Pixel Tiles
Position in Grid | Std. Gaussian Fit (um) | FWHM (um) | Max Intensity
Upper left 4.036 pm 9.5040 pm 42430
Upper right 3.693 um 8.6973 uym 20584
Lower right 3.895 ym 9.1720 ym 32970
Lower left 3.829 um 9.0156 um 40264
Left middle 3.697 um 8.7068 ym 48532
Upper middle 3.650 um 8.5961 uym 40807
Right middle 3.470 ym 8.1711 um 41414
Lower middle 3.647 um 8.5891 um 53090
Center 3.737 um 8.8003 ym 54506

Table C.33: The standard deviation of a Gaussian fit on the PSF, its FWHM, and maximum intensity for different positions in a
grid of 5 by 5 pixel tiles. Std. Gaussian Fit and FWHM are in micrometers (um), while intensity is greyvalues. The light source
used was a 455 nm LED.

Grid of 6 by 6 Pixel Tiles
Position in Grid | Std. Gaussian Fit (um) | FWHM (um) | Max Intensity
Upper left 4.670 ym 10.997 pm 50336
Upper right 4.468 pm 10.521 um 22728
Lower right 4.552 pym 10.718 um 37014
Lower left 4.648 pm 10.945 pm 45551
Left middle 4.608 ym 10.851 ym 54840
Upper middle 4.424 pym 10.417 pm 46303
Right middle 4.132 ym 9.730 ym 46506
Lower middle 4.292 ym 10.108 ym 58986
Center 4.405 pym 10.372 pm 60561

Table C.34: The standard deviation of a Gaussian fit on the PSF, its FWHM, and maximum intensity for different positions in a
grid of 6 by 6 pixel tiles. Std. Gaussian Fit and FWHM are in micrometers (um), while intensity is greyvalues. The light source
used was a 455 nm LED.
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Grid of 7 by 7 Pixel Tiles
Position in Grid | Std. Gaussian Fit (um) | FWHM (um) | Max Intensity
Upper left 5474 ym 12.890 um 56156
Upper right 5.085 um 11.975 uym 25859
Lower right 5.261 ym 12.389 ym 41049
Lower left 5.455 um 12.846 upm 51379
Left middle 5.311 ym 12.506 ym 60607
Upper middle 5.103 ym 12.018 pm 50364
Right middle 4.706 ym 11.081 um 50687
Lower middle 4.949 ym 11.654 ym 64558
Center 5.063 um 11.922 ym 65535

Table C.35: The standard deviation of a Gaussian fit on the PSF, its FWHM, and maximum intensity for different positions in a
grid of 7 by 7 pixel tiles. Std. Gaussian Fit and FWHM are in micrometers (um), while intensity is greyvalues. The light source
used was a 455 nm LED.

Grid of 8 by 8 Pixel Tiles
Position in Grid | Std. Gaussian Fit (um) | FWHM (um) | Max Intensity
Upper left 6.159 um 14.504 ym 60041
Upper right 5.868 um 13.818 um 27449
Lower right 5.919 um 13.939 um 43797
Lower left 5.964 ym 14.044 ym 56566
Left middle 6.046 um 14.238 ym 64706
Upper middle 5.692 um 13.403 um 55375
Right middle 5.293 ym 12.463 ym 53747
Lower middle 5.664 um 13.338 ym 65535
Center 5.780 um 13.611 um 65535

Table C.36: The standard deviation of a Gaussian fit on the PSF, its FWHM, and maximum intensity for different positions in a
grid of 8 by 8 pixel tiles. Std. Gaussian Fit and FWHM are in micrometers (um), while intensity is greyvalues. The light source
used was a 455 nm LED.
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Grid of 9 by 9 Pixel Tiles
Position in Grid | Std. Gaussian Fit (um) | FWHM (um) | Max Intensity
Upper left 6.851 um 16.132 um 65535
Upper right 6.407 pm 15.088 pm 29441
Lower right 6.504 pm 15.316 ym 47678
Lower left 6.446 pm 15.179 um 59114
Left middle 6.839 ym 16.104 ym 65535
Upper middle 6.342 ym 14.933 pm 58049
Right middle 5.940 ym 13.988 uym 55973
Lower middle 6.477 pm 15.253 um 65535
Center 6.544 ym 15.410 ym 65535

Table C.37: The standard deviation of a Gaussian fit on the PSF, its FWHM, and maximum intensity for different positions in a
grid of 9 by 9 pixel tiles. Std. Gaussian Fit and FWHM are in micrometers (um), while intensity is greyvalues. The light source
used was a 455 nm LED.

Grid of 10 by 10 Pixel Tiles
Position in Grid | Std. Gaussian Fit (um) | FWHM (um) | Max Intensity
Upper left 7.623 ym 17.950 pm 65535
Upper right 7.027 um 16.547 uym 31281
Lower right 7.139 um 16.810 um 50637
Lower left 7.184 ym 16.916 ym 63053
Left middle 7.697 ym 18.125 pm 65535
Upper middle 7.000 um 16.483 um 60263
Right middle 6.550 ym 15.424 ym 58300
Lower middle 7.132 ym 16.794 ym 65535
Center 7.300 ym 17.191 pm 65535

Table C.38: The standard deviation of a Gaussian fit on the PSF, its FWHM, and maximum intensity for different positions in a
grid of 10 by 10 pixel tiles. Std. Gaussian Fit and FWHM are in micrometers (um), while intensity is greyvalues. The light source
used was a 455 nm LED.
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Increase of p with Grid Size

Grid Size p (M)

Std. p Increase (um)

Grid 1x1 3.671 ym
Grid 2x2 4.418 um
Grid 3x3 5.714 ym
Grid 4x4 7.296 um
Grid 5x5 8.806 pm
Grid 6x6 10.518 ym
Grid 7x7 12.142 pym
Grid 8x8 13.707 ym
Grid 9x9 15.267 ym
Grid 10x10 | 16.916 um

Std. p (um) | p Increase (um)
0.415 ym -
0.373 ym 0.747 pym
0.270 pm 1.296 ym
0.363 um 1.581 ym
0.384 ym 1.510 ym
0.416 um 1.712 uym
0.581 pm 1.625 uym
0.600 um 1.564 pym
0.638 um 1.560 pm
0.805 pym 1.649 ym

0.105 pm
0.125 ym
0.109 um
0.100 pm
0.101 um
0.101 ym
0.101 um
0.094 pm
0.104 ym

Table C.39: Increase of the spatial resolution with increase square sizes in the projected grid. The light source used was a 455

nm LED.
Increase of Maximum Intensity with Grid Size

Grid Size | Mean Max Intensity | Std. Max Intensity | Max Int. Increase | Std. Max Int. Increase
Grid 1x1 3896 1525 -
Grid 2x2 16814 4916 12918 6311
Grid 3x3 27457 7595 10643 4284
Grid 4x4 35364 8855 7907 2950
Grid 5x5 41622 10404 6258 2214
Grid 6x6 46981 11682 5359 1889
Grid 7x7 51799 12450 4819 1666
Grid 8x8 54750 12398 2951 974
Grid 9x9 56933 11960 2183 674
Grid 10x10 58408 11316 1475 422

Table C.40: Increase of maximum intensity as a function of grid size. All values are measured in grey value.
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C.4.3. Intensity map

XlY- 1 2 3 4 5 6 7 8 9

55754 | 64753 | 44799 | 65535 | 61232 | 64949 | 65535 | 65145 | 48907
36976 | 35411 | 58497 | 54584 | 57323 | 51454 | 55562 | 65344 | 55171
52625 | 51060 | 41083 | 65535 | 48125 | 35018 | 53799 | 65535 | 53799
55168 | 55168 | 58298 | 43822 | 61428 | 42061 | 65341 | 65145 | 65535
44019 | 58497 | 65149 | 57323 | 60453 | 65535 | 27781 | 65535 | 52628
41867 | 65344 | 65535 | 38541 | 61627 | 60258 | 65344 | 53997 | 55953
50668 | 60449 | 64753 | 29736 | 65535 | 49690 | 64949 | 60058 | 63384
50532 | 57366 | 45137 | 55747 | 55567 | 43339 | 49813 | 45677 | 60423
54421 | 46434 | 39191 | 47549 | 61479 | 50706 | 45691 | 61851 | 61479
23049 | 49658 | 28858 | 47784 | 54342 | 52656 | 62400 | 38602 | 48908
45947 | 24918 | 57964 | 50365 | 44003 | 59378 | 47891 | 41353 | 48421
12 25401 | 32703 | 47150 | 53183 | 50325 | 35878 | 49531 | 30481 | 39689

© 0O N O G A ODN -~

-—
-0

Table C.41: Intensity values of the pixel center positions of a grid of 7 by 7 pixel squares. The X an Y positions denote the
position of the grid pixels. The intensities are given in grey values.
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D.1. MATLAB code to calculate the DEP motion

o\

Clean up the workspace
close all; clear all; clc;

o

Load in the measurement data from Fiji.
% Column 1 contains the data number. For example, the data for the
beads
contains 4 data numbers. A set of data for each bead.
Column 3 contains the measured X position

Column 4 contains the measured Y position

o\°

o° o©

data gear NaN = readmatrix(”Tracking gear 15s 19kHz quadruple 10 fps.

csv”) ;
data beads NaN = readmatrix (”Tracking beads 15s 19kHz quadruple 10 fps
.csv”);

data pattern NaN = readmatrix (”Tracking pattern 15s 19kHz quadruple 10
fps.csv”);

o\

Set up the system parameters to provide the correct plots and data

coordinates (d) returns the DMD pattern sizes that correspond to the
thickness used. In this case, because the filename has the word
"quadruple” in it, we know that the used pattern thickness is 4
times 30

% pixels. Therefore, the thickness d input is 4.
coord = coordinates (4);

o o oo

The fps should correspond to the fps used in the name of the data
files. The title name is used for the plots and should correspond to
the data file names.

fps = 10;

title name = “T = 7s, £ = 19kHz, d = 4d, fr = 10fps”;

o® o oP

Before we can calculate the fit on the pattern motion, we need to
give an estimate on which frame the pattern has its peak and delay.
This can be done by looking at the data itself. The code will

find an optimal around the given estimates.

tpeak = 69;

o® o o oP

191
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delay = 8;

These are some predefined values to calculate the correct distances
and forces
robotdia = 254.775; % This is the diameter of the robot in pm

o
]
o
)

umpix = 0.814; % This is the measured conversion from camera pixel to
nm
dt = 1/fps; % This is the time between each frame

% Ag and Bg give the force on the gear using the acceleration and
velocity of the gear

5 F = Ag*a gear+Bg*v gear

Ag = 6.588*1e-10;

Bg = 1.885*1e-6;

% C gives the force on the gear using a conversion factor. F = C*
v _gear

C = 3.88*le-7;

% Ab and Bb give the force on the beads using the acceleration and
velocity of the bead

% F = Ag*a bead+Bg*v_bead

Ab = 1.856e-12;

Bb = 1.414e-7;

% Clean up the data and show the number of frames for one measurement

data gear = datacleanup (data gear NaN) ;

data beads = datacleanup (data beads NaN) ;

data pattern = datacleanup pattern(data pattern NaN);
disp([”Length of data = ”,length(data pattern(:,3,1))])

Find the fitted x position of the pattern. The steps define how many
neighboring point will be search. The percent determines how big the
search area is around the given tpeak and delay.

steps = 300;

percent = 45;

[x fitted opt, opt, tpeak opt,al] = optimizepatternfit (tpeak,delay,
steps, percent,data pattern,coord,title name);

o o oP

% Separate the data for each point in the gear, for each bead and for
the

% pattern.

datal = data gear(:,:,1);

data2 = data gear(:,:,2);

(:
(:

data3 = data gear(:,:,3);
(s

data4 = data gear(:,:,4);

beadl = data beads(:,:,1);

bead2 = data beads (:,:,2);

bead3 = data beads(:,:,3);

bead4 = data beads(:,:,4);

datax pix = [beadl(:,3),bead2(:,3),bead3(:,3),beadd(:,3)];
datay pix = [beadl(:,4),bead2(:,4),bead3(:,4),beadd(:,4)];

datapattern = x fitted opt;
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% Rewrite the data to pm
datalum = datal*umpix;
data2um = data2*umpix;
data3um = data3*umpix;
datadum = datad*umpix;

datax = umpix*datax pix;
datay = umpix*datay pix;

% Create the resulting analysis
results table = plot avg center velocity acceleration(datalum, dataZum
, data3um, datad4um, dt, title name);
force table motion = compute force from motion(results table, Ag, Bg,
title name);
force table velocity = compute force with velocity(results table, C,
title name);
compare force methods (force table motion, force table velocity,
title name);
[max force motion, max force velocity] = find max force (
force table motion, force table velocity):;
analyze bead motion(datax, datay, dt, Ab, Bb, title name);

%%% FUNCTIONS %%%

% This function cleans up the data from the gear and the beads
function dataclean = datacleanup (data)

% Find the different measurement numbers, e.g. the data from bead 3
meas = unique(data(:,1));

num meas = numel (meas); % Outputs the amount of data, in our case
always 4

% Create struct to save data temporary
dataPerMeas = cell (num meas, 1);

% Delete double time steps if this mistake is occuring in the data

for i = l:num meas

idx = data(:,1l) == meas(i); % Find the data with measurement
number

temp = data(idx, :); % Use the data with this number

% Sort time steps of measurements

temp = sortrows (temp, 2);

% Delete double time steps and save last
[~, unigqueldx] = unique (temp(:,2), 'last');
temp = temp (uniqueldx, :);

% Save in temporary cell
dataPerMeas{i} = temp;
end

% Determine shortest measurement length
shortest length = min(cellfun(@(x) size(x,1), dataPerMeas));
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end

% Create new 3D matrix to seperate the data with all the same length
dataclean = NaN(shortest length, size(data,2), num meas);

% Seperate the data and interpolate the NaNs
for i = l:num meas

temp = dataPerMeas{i};

temp = temp (l:shortest length, :);

Clean up bad data. When a measurement could not be done in Fiji,
a corner is selected of the frame. So when the Y-value is close
to the upper or lower border, the values need to be replaced by
NaNs for they are faulty data.

o o o o

idx = (temp(:,4) < 15) | (temp(:,4) > 1400);
temp (idx, 3) = NaN;
temp (idx, 4) = NaN;

% Fill in NaNs for X and Y data
temp (:,3) = fillmissing(temp(:,3), 'linear'); % Interpolate

temp (:,3) = fillmissing(temp(:,3), 'nearest'); % Fill in
boundaries if NaN

temp(:,4) = fillmissing(temp(:,4), 'linear');
temp (:,4) fillmissing(temp(:,4), 'nearest');

% remove negative values and cap them at zero.
idx = (temp(:,3) < 0);
temp (idx,3) = 0;
% save the cleaned data
dataclean(:,:,1i) = temp;
end

% This function cleans up the data from the pattern
function dataclean = datacleanup pattern(data pattern NaN)

data = data pattern NaN;

% Find measurements numbers
meas = unique(data(:,1));
num meas = numel (meas) ;

% Create struct to save data temporary
dataPerMeas = cell (num meas, 1);

% Delete double time steps

for i = l:num meas
idx = data(:,1) == meas(i); % Find the data with measurement
number

[)

temp = data(idx, :); % The data with this number

% Sort time step of measurements
temp = sortrows (temp, 2);

% Delete double steps and save last
[~, uniqueIdx] = unique(temp(:,2), 'last');
temp = temp (uniqueldx, :);
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end

Q

% Save in temporary cell
dataPerMeas{i} = temp;
end
% Determine shortest measurement length
shortest length = min(cellfun(@(x) size(x,1), dataPerMeas));
% Create new 3D matrix to seperate the data with all the same length
dataclean = NaN(shortest length, size(data,2), num meas);
% Seperate the data and interpolate the NaNs
for i = l:num meas
temp = dataPerMeas{i};
temp = temp (l:shortest length, :);

Clean up bad data. When a measurement could not be done in Fiji,
a corner is selected of the frame. So when the Y-value is close
to the upper or lower border, the values need to be replaced by
NaNs for they are faulty data.

d° o° 0P oe

idx = (temp(:,4) < 100) | (temp(:,4) > 1170);
temp (idx, 3) = NaN;
temp (idx,4) = NaN;

[

% remove negative values and cap them at zero.

idx = (temp(:,3) < 0);

temp (idx,3) = 0;

% save the clean data
dataclean(:,:,1i) = temp;

end

% Return the pattern dimensions given the predefined relative thickness.
% The values are experimentally found.
function coord = coordinates (thickness)

if thickness ==
border thickness = 60.45;
left thickness = 51.24;
left pos = 51.57;
top thickness = 56.04;
top pos = 74.81;
right thickness = 49.69;
right pos = 1979.36;
bottom thickness = 44.38;
bottom pos = 1496.74;
elseif thickness ==
border thickness = 125.5596;
left thickness = 125.3546;
left pos = 126;
top thickness = 126.381;
top pos = 129.2857;
right thickness = 126.8555;
right pos = 1922.286;
bottom thickness = 117.5713;
bottom pos = 1421;
elseif thickness ==

195
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end

border thickness = 189.571649;

left thickness = 188.9260023;

left pos = 195.5;

top thickness = 188.2849202;

top pos = 201.1905714;

right thickness = 196.9759342;

right pos = 1859.523857;

bottom thickness = 188.5726627;

bottom pos = 1358.571429;
elseif thickness ==

border thickness = 251.7142888;

left thickness = 237.9505003;

left pos = 237.9505003;

top thickness = 240.500738;

top pos = 240.500738;

right thickness = 249.7143292;

right pos = 2056-229.1788;

bottom thickness = 249.4278307;

bottom pos = 1542-249.4278307-9.976128622;
end
coord = [border thickness; left thickness;left pos; top thickness;
top pos; right thickness;right pos; bottom thickness;bottom pos];

% This functions creates the fitted x positions of the projected pattern.
function [x fitted,opt] = patternfit (coord,data pattern, tpeak,delay)

% Set up the parameters
border thickness = coord(1l):;
left pos = coord(3);
right thickness = coord(6);
right pos = coord(7);

x1l = left pos; % The left border of the projection

x2 = left postborder thickness; % The right side of the left border of
the projection

x3 = right pos-border thickness; % The left side of the right border
of the projection

x4 = right pos; % The right border of the projection

z1l = (x2+x1)/2; % The center position of the left border

z2 = (x4+x3)/2; % The center position of the right border

yl = right pos+right thickness;
y2 = right pos+right thickness+border thickness;
wl = (y2+yl)/2;

dataclean = data pattern;

% derive the average x position from the data by averaging the right

and left side x positions of the pattern.
datamid = (dataclean(:,3,1)+dataclean(:,3,2))/2;

% Creating the animation fit

bl = z1; % Startposition of the sweep

al = (z2-zl)/ (tpeak-delay); % The number of frames it takes to go from
left to right

xpl = delay:1l:tpeak; $ Used time steps for the animation from left to
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right
ypl = (xpl-delay)*al+bl; % The animation from left to right

b2 = wl; % Startposition of the sweep from right to left

a2 = -al;

xp2 = tpeak:1l:length(dataclean);

yp2 = (xp2-tpeak)*a2+b2; % The animation from right to left
yp2 (yp2<=bl) = bl; % ensure that the animation stops at bl

zeropadlen = length (dataclean)-length (ypl)-length (yp2):;

x fitted = [ones (1, zeropadlen)*bl,ypl,yp2];
nanloc = find(~isnan(datamid)); % Select the points in the fit where
we have real data
opt = norm((x_fitted(nanloc)-datamid(nanloc)')); % Calculate the norm
of the fit. The lower, the better the fit is

end

[

% This functions searches for the optimal fitted x positions of the
projected pattern.

function [x fitted opt, opt, tpeak opt, al] = optimizepatternfit (tpeak,
delay, steps, percent, data pattern, coord, title name)
% Define search ranges

tpeakrange = linspace ((100-percent)/100*tpeak, (100+percent)/100*tpeak

, steps);

delayrange = linspace ((100-percent)/100*delay, (100+percent)/100*delay

, steps);

% Set up the parameters

border thickness = coord(l);

left pos = coord(3);

right pos = coord(7);

% Calculate middle position of the sweep

datamid = (data pattern(:,3,1) + data pattern(:,3,2)) / 2;

% Define pattern fit parameters

x1l = left pos;

x2 = left pos + border thickness;
x3 = right pos - border thickness;
x4 = right pos;

zl = (x2 + x1) / 2; % Start position on the left
z2 = (x4 + x3) / 2; % Start position on the right
al = (z2 - zl1) / (tpeak - delay); % The speed of the sweep

[}

% Initialize optimization matrix
opt = zeros (steps, steps);
% Find the fit in the full search space
for i = l:length (tpeakrange)

for j = l:length(delayrange)

[~, opt(i, J)] = patternfit(coord, data pattern, tpeakrange (i)

, delayrange(J));

end
end
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% Find the optimal fit
[tpeakind, delayind] = find(opt == min (opt(:)));
tpeakopt tpeakrange (tpeakind) ;
delayopt = delayrange (delayind) ;

% Save the optimal fit

[x fitted, opt] = patternfit (coord, data pattern, tpeakopt, delayopt):;
% Display the optimal fit parameter

disp([”Optimal T peak =", tpeakopt]);

disp([”Optimal delay =", delayopt]):;

disp([”Optimal norm of error =", optl])

% Plot results
figure;
hold on; grid on; box on;
set (gca, 'FontSize', 14, 'LineWidth', 1.5);

plot (datamid, 'LineWidth', 3, 'DisplayName', 'True data');
plot(x fitted, ':', 'LineWidth', 1.5, 'DisplayName',6 'Fitted
pattern');

xlabel ('Time step [frames]');
ylabel ('X Position [pixels]');
title(['Optimized Linear Fit of Pattern position - ', title name])

legend ('Location', 'best');
hold off;

% Output optimized values
x fitted opt = x fitted;
tpeak opt = tpeakopt;

end

Function to create a circle using three points and return the center
position and radius. It makes use of the solution of the linear system
% and uses the determinant d.

function [xc, yc, r] = circumcircle(x, V)

% Calculate the denominator and ensure that it is not (almost) zero.

o° o

I

Hh

so, the points are overlapping and we cannot create a circle. The
output is then NaN.
d 2*( x(L)*(y(2)-y(3)) + x(2)* (v (3)-y(1)) + x(3)*(y(1)-y(2)) );
if abs(d) < 1le-10

xc = NaN; yc = NaN; r = NaN;

return;
end

o° o©

% Calculate the center positions and radius using the determinant

xCc = ((x(1)"2+4y(1)"2)*(y(2)-y(3)) + (x(2)"2+y(2)"2)*(y(3)-y (1)) + (x
(3)"2+y(3)"2) *(y(1)-y(2))) /d;

yc = ((x(1)"2+y (1 )A2)*(X(3)—X(2)) + (x(2)72+y(2)"2) * (x(1)-x(3)) + (x
(3)" 2+y(3) 2)*(x(2)-x(1)))/d;

r = sqrt ((x(1)-xc) "2+ (y(1l)-yc)"2);

end
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% This function creates a table with the position, velocity and
% acceleration of the microgear microbot and their standard deviations.
function results table = plot avg center velocity acceleration(datal,
data2, data3, data4, dt, title name)
% Find the smallest array to make sure we work with arrays of the same
% length
num_steps = min([size(datal,l), size(data2,1), size(data3,1l), size(
datad4,1)1);

% Compute the circumcenter for 4 different triangle combinations
centers x = NaN(num steps, 4);
centers y = NaN(num steps, 4);

for t = l:num steps
x1 = datal(t,3); yl = datal(t,4);
x2 = data2 ( ); y2 = data2(t,4);
x3 = data3(t,3); y3 = data3(t,4);
x4 = data4d (t,3); y4 = datad(t,4);
% Compute a circle for the 4 combinations of 3 points
[xcl, ycl, ~] = circumcircle([x x2, x31, I[vyl, vy2, vyv31);
[xc2, yc2, ~] = circumcircle([x x3, x4]1, [v2, y3, v4l):
[xc3, yc3, ~] = circumcircle([x3, x4, x1], [y3, v4, yl]),
[xc4, ycd4, ~] = circumcircle([x x1, x2]1, [v4, v1, y21);
centers x(t,:) = [xcl, xc2, xc3, xc4];

centers y(t,:) [yecl, yc2, yc3, ycé];

end

% Compute mean and std of circle center position without regarding the
NaN

% values

avg center x = nanmean (centers x, 2);
avg _center y = nanmean (centers y, 2);
std center x = nanstd(centers x, 0, 2);
std center y = nanstd(centers y, 0, 2);
% Create a time vector

time = (0:num steps-1)' * dt;

% Compute velocity in um/s

vxi all = diff (centers x) / dt;
vyi all = diff (centers y) / dt;

% Compute mean and std of circle center velocity without regarding the

NaN

% values

vx_avg = nanmean (vxi all, 2);
vx std = nanstd(vxi all, 0, 2);
vy avg = nanmean(vyi all, 2);

vy std = nanstd(vyi all, 0, 2);

% Calculate the total velocity of the center point
vtotal all = sqgrt(vxi all.”2 + vyi all."2);
vtotal avg = nanmean (vtotal all, 2);
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vtotal std = nanstd(vtotal all, 0, 2);

% reduce the time vector to be the same length as the velocity vector
time v = time(2:end);

% Compute acceleration in pm/s”"2
axi all = diff(vxi all) / dt;
ayi all diff(vyi all) / dt;

% Compute mean and std of circle center acceleration without regarding
the NaN

% values

ax_avg = nanmean(axi all, 2);
ax_std = nanstd(axi _all, 0, 2);
ay avg = nanmean(ayi all, 2);
ay std = nanstd(ayi _all, 0, 2);

% Calculate the total acceleration of the center point
atotal all = sqgrt(axi all.”2 + ayi all.”2);

atotal avg nanmean (atotal all, 2);

atotal std = nanstd(atotal all, 0, 2);

% reduce the time vector to be the same length as the acceleration

vector
time a = time v(2:end);

% Create Figure plotting the positions, the velocities and the
% accelerations
figure;

% Plot 1: Position

subplot (3,1,1);

hold on; grid on; box on;

set (gca, 'FontSize', 14, 'LineWidth', 1.5);

patch([time; flipud(time)], [avg center x - std center x; flipud(
avg_center x + std center x)], [1 0.7 0.7], 'EdgeColor',6 'none','
FaceAlpha',0.3);

h avg x = plot(time, avg center x, 'r-', 'LineWidth',6 2);

patch([time; flipud(time)], [avg center y - std center y; flipud(
avg_center y + std center y)], [0.7 0.7 1], 'EdgeColor',6 'none','
FaceAlpha',0.3);

h avg y = plot(time, avg center y, 'b-', 'LineWidth',6 2);

xlabel ('Time (s) ')

ylabel ('Position (\mum)');

title(['Average Microbot Center Position - ', title name]);

legend([h avg x, h avg y], {'X Position','Y Position'}, 'Location'
, 'best');

% Plot 2: Velocity

subplot (3,1,2);

hold on; grid on; box on;

set (gca, 'FontSize', 14, 'LineWidth', 1.5);



D.1. MATLAB code to calculate the DEP motion 201

patch([time v; flipud(time v)], [vx avg - vx std; flipud(vx avg +
vx _std)], [1 0.7 0.7], 'EdgeColor', 'none', 'FaceAlpha',0.3);
h vx = plot(time v, vx avg, 'r-', 'LineWidth', 2);

patch([time v; flipud(time v)], [vy avg - vy std; flipud(vy avg +
vy std)], [0.7 0.7 1], 'EdgeColor',6 'none', 'FaceAlpha',0.3);
h vy = plot(time v, vy avg, 'b-', 'LineWidth',6 2);

patch([time v; flipud(time v)], [vtotal avg - vtotal std; flipud(
vtotal avg + vtotal std)], [0.5 0.5 0.5], 'EdgeColor', 'none', 'FaceAlpha
',0.3);

h vtotal = plot(time v, vtotal avg, 'k-', 'LineWidth', 2);

xlabel ('Time (s) ')

ylabel ('Velocity (\mum/s)');

title(['Average Microbot Velocity - ', title name]);
(

legend([h vx, h vy, h vtotal], {'v x','v y','v {total}'}, '
Location', 'best');
% Plot 3: Acceleration
subplot (3,1,3);
hold on; grid on; box on;
set (gca, 'FontSize', 14, 'LineWidth', 1.5);

patch([time a; flipud(time a)], [ax avg - ax std; flipud(ax avg +
ax_std)], [1 0.7 0.7], 'EdgeColor', 'none','FaceAlpha',0.3);
h ax = plot(time a, ax avg, 'r-', 'LineWidth',6 2);

patch([time a; flipud(time a)], [ay avg - ay std; flipud(ay avg +
ay std)1l, [0.7 0.7 1], 'EdgeColor', 'none','FaceAlpha',0.3);
h ay = plot(time a, ay avg, 'b-', 'LineWidth', 2);

patch([time a; flipud(time a)], [atotal avg - atotal std; flipud(
atotal avg + atotal std)], [0.5 0.5 0.5], 'EdgeColor', 'none', 'FaceAlpha
"y 0:3) 8

h atotal = plot(time a, atotal avg, 'k-', 'LineWidth', 2);

xlabel ('Time (s)');

ylabel ('Acceleration (\mum/s"2)");

title(['Average Microbot Acceleration - ', title namel);
(

legend([h ax, h ay, h atotal], {'a x','a y','a {total}'}, '
Location', 'best');

% Create Results Table containing all derived information
results table = table(time, avg center x, std center x, avg center vy,
std center vy,
[NaN; vx avgl, [NaN; vx std], [NaN; vy avg]l, [
NaN; vy std], [NaN; vtotal avg], [NaN; vtotal std],
[NaN; NaN; ax avg], [NaN; NaN; ax std], [NaN;
NaN; ay avg], [NaN; NaN; ay std], [NaN; NaN; atotal avg], [NaN; NaN;
atotal std],
'VariableNames', {'Time', 'X Pos', 'X Std', '
Y Pos', 'Y std',
'Vx', 'Vx_Std', 'Vy', 'Vy Std'
, 'Vtotal', 'Vtotal Std',
'Ax', 'Ax Std', 'Ay', 'Ay Std'
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, 'Atotal', 'Atotal Std'});
end

o
°
o
°

from Stokes's law.

This function calculates the force on the microbot using the EoM used

function force table = compute force from motion(data table, A, B,

title name)

[}

8
um _to m = le-6;

ax m = data table.Ax * um to m;
ax std m = data table.Ax Std * um to m;
ay m = data table.Ay * um to m;
ay std m = data table.Ay Std * um to m;

vx m = data table.Vx * um to m;
vx std m = data table.Vx Std * um to m;
vy m = data table.Vy * um to m;
vy std m = data table.Vy Std * um to m;

vtotal m = data table.Vtotal * um to m;

% Convert acceleration and velocity from pm/s? and pm/s to m/s? and m/

vtotal std m = data table.Vtotal Std * um to m;

atotal m = data table.Atotal * um to m;

atotal std m = data table.Atotal Std * um to m;

Q

Fx std N

Fy N=A * aym + B * vy m;
sqrt ((A * ay std m).

Fy std N

Ftotal N = A * atotal m + B * vtotal m;
Ftotal std N = sqgrt((A * atotal std m).

% Convert forces to pN
N to pN = lel2;
Fx pN = Fx N * N to pN;

Fx std pN = Fx std N * N to pN;

Fy pN = Fy N * N to pN;

Fy std pN = Fy std N * N to pN;

Ftotal pN = Ftotal N * N to pN;
Ftotal std pN = Ftotal std N * N to pN;

Q

% Create output table

force table = table(data table.Time, Fx pN,
Fy std pN, Ftotal pN, Ftotal std pN,

'VariableNames',
Fy pN', 'Fy Std pN', 'Ftotal pN',

% Plot results
figure;

% Compute forces (in Newtons)
Fx N =A * ax m + B * vx m;
sgrt ((A * ax std m).

(B * vx _std m)."2);

(B * vy std m)."2);

(B * vtotal std m)."2);

Fx std pN, Fy pN,

{'Time', 'Fx pN', 'Fx Std pN', '
'"Ftotal Std pN'});
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hold on; grid on; box on;
set (gca, 'FontSize', 14, 'LineWidth', 1.5);

time f = data table.Time;

% Plot F x met error bars
h fx = errorbar (time f, Fx pN, Fx std pN, 'r-', 'LineWidth',6 2, '
CapSize', 5);

% Plot F y met error bars
h fy = errorbar (time f, Fy pN, Fy std pN, 'b-', 'LineWidth',6 2, '
CapSize', 5);

% Plot F total met error bars
h ftotal = errorbar (time f, Ftotal pN, Ftotal std pN, 'k-', '
LineWidth', 2, 'CapSize', 5);

xlabel ('Time (s)');

ylabel ('Force (pN)');

title(['Computed DEP force on microbots using the EoM - ',
)
(

[o)

title name]); % Gebruik datasetnaam in titel
legend([h fx, h fy, h ftotal], {'F x','F y','F {total}'}, '
Location', 'best');

hold off;
end

% This function calculates the force on the microbot using the EoM used
% from the conversion rate from the paper from Zhang et al. 2019 on the
microbots.
function force table = compute force with velocity(data table, C,
title name)

% Convert velocity from pm/s to m/s
um to m = le-6;

vx m = data table.Vx * um to m;

vx std m = data table.Vx Std * um to m;

vy m = data table.Vy * um to m;

vy std m = data table.Vy Std * um to m;
vtotal m = data table.Vtotal * um to m;

vtotal std m = data table.Vtotal Std * um to m;
% Compute forces (in Newtons)

Fx N = C * vx m;

Fx std N abs (C * vx std m);

Fy N =C * vy m;
Fy std N abs (C * vy std m);

Ftotal N = C * vtotal m;
Ftotal std N = abs(C * vtotal std m);

% Convert forces to pN

N to pN = lel2;

Fx pN = Fx N * N to pN;

Fx std pN = Fx std N * N to pN;
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Fy pN = Fy N * N to pN;
Fy std pN = Fy std N * N to pN;

Ftotal pN = Ftotal N * N to pN;
Ftotal std pN = Ftotal std N * N to pN;
% Create output table
force table = table(data table.Time, Fx pN, Fx std pN, Fy pN,
Fy std pN, Ftotal pN, Ftotal std pN,
'VariableNames', {'Time', 'Fx pN', 'Fx Std pN', '
Fy pN', 'Fy Std pN', 'Ftotal pN', 'Ftotal Std pN'});

% Plot results
figure('Visible', 'off'");
hold on; grid on; box on;
set (gca, 'FontSize', 14, 'LineWidth', 1.5);

time f = data table.Time;

% Plot F x met error bars
h fx = errorbar (time f, Fx pN, Fx std pN, 'r-', 'LineWidth',6 2, '
CapSize', 5);

% Plot F y met error bars
h fy = errorbar (time f, Fy pN, Fy std pN, 'b-', 'LineWidth',6 2, '
CapSize', 5);

% Plot F total met error bars
h ftotal = errorbar(time f, Ftotal pN, Ftotal std pN, 'k-', '
LineWidth', 2, 'CapSize', 5);

xlabel ('Time (s)');

ylabel ('Force (pN)');

title (['Computed DEP forces on microbot using conversion factor -
, title name]); % Gebruik datasetnaam in titel

legend([h fx, h fy, h ftotal], {'F x','F y','F {total}'}, '
Location', 'best');

hold off;
end

o\°

This function creates a figure showing the differnce between the force
on

the microbot calculated using Stokes's law and the conversion from Zhang

et al.

function compare force methods (force table motion, force table velocity,

title name)

% Extract data

time = force table motion.Time;

o° oo

[}

% Force computed from Stokes's law (F = A*a + B*V)
Fmotion pN = force table motion.Ftotal pN;
Fmotion std pN = force table motion.Ftotal Std pN;

[}

% Force computed from conversion from literature (F = C*V)
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end

Fvelocity pN = force table velocity.Ftotal pN;
Fvelocity std pN = force table velocity.Ftotal Std pN;
% Compute percentage difference (relative to Fmotion)
Fdiff pN = Fmotion pN - Fvelocity pN;

percentage diff = (Fdiff pN ./ abs(Fmotion pN)) * 100; % Difference in

°

[}

% Create margins in the plot on the y-axis for visibility

margin = 0.2 * (max(percentage diff) - min(percentage diff)); % 20%
margin
ymin = min (percentage diff) - margin;

ymax = max (percentage diff) + margin;

% Create figure with dual y-axis

figure;

hold on; grid on; box on;

set (gca, 'FontSize', 14, 'Linewidth', 1.5);

% Create first y-axis denoting the DEP force

yyaxis left;

ylabel ('Force (pN)');

% Plot F from motion with whiskers

h fmotion = errorbar(time, Fmotion pN, Fmotion std pN, 'r-', '
LineWidth', 2, 'CapSize', 5);

% Plot F from velocity with whiskers

h fvelocity = errorbar(time, Fvelocity pN, Fvelocity std pN, 'b-', '
LineWidth', 2, 'CapSize', 5);

% Create second y-axis showing the percentage difference with zoomed
scale

yyaxis right;

ylabel ('Difference (%)'");

ylim([ymin, ymax]);

% Get color of right y-axis

right color = get(gca, 'YColor');
% Plot percentage difference as a dashed line

h fdiff = plot(time, percentage diff, '--', 'Color', right color, '
LineWidth', 2);

xlabel ('Time (s)'):;
title(['Comparison of Forces - ', title name]);
legend ([h fmotion, h fvelocity, h fdiff],
{'F {EoM}', 'F {Conversion}', 'Relative Difference (%)'},
'Location', 'best');

hold off;

% This function calculates the maximum force on the microbot using the two
% methods.
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function [max force motion, max force velocity] = find max force
force table motion, force table velocity)
% Extract data
Fmotion pN = force table motion.Ftotal pN;
Fmotion std pN = force table motion.Ftotal Std pN;

Fvelocity pN = force table velocity.Ftotal pN;
Fvelocity std pN = force table velocity.Ftotal Std pN;

% Find maximum values and corresponding standard deviations
[max force motion, idx motion] = max (Fmotion pN) ;
max force motion std = Fmotion std pN(idx motion) ;

[max force velocity, idx velocity] = max(Fvelocity pN);
max force velocity std = Fvelocity std pN(idx velocity);
% Print results
fprintf ('Maximum Force (EoM Method): %.2f + %.2f pN\n',
max force motion, max force motion std);
fprintf ('Maximum Force (Coversion Method): %.2f £ $.2f pN\n',
max force velocity, max force velocity std);
end

% This function calculates the dynamics of the beads and plots them. From
% this, using Stokes's law, the DEP force has been calculated and plotted
% as well.
function analyze bead motion(datax, datay, dt, A, B, title name)

% Determine the time vector
[num steps, num beads] = size(datax);
time = (0:num steps-1)' * dt;
% Determine the velocities and accelerations of the bead
velocities x = diff (datax) / dt; % (num steps-1) x num beads
velocities y = diff (datay) / dt;

accelerations x = diff (velocities x) / dt; % (num steps-2) x num beads
accelerations y = diff (velocities y) / dt;

% Calculate the total velocity and acceleration of the beads
velocities total = sqgrt(velocities x."2 + velocities y."2);
accelerations total = sqgrt(accelerations x.”2 + accelerations y."2);

% Plot the dynamics of the beads

]

figure;
subplot(2,1,1); hold on; grid on;
for i = l:num beads
plot (time(2:end), velocities total(:, i), '-', 'LineWidth', 1.2);
end
xlabel ('Time (s)'); ylabel ('Total Velocity (um/s)');
title(['Total Velocity per Bead - ', title name]):;

subplot(2,1,2); hold on; grid on;
for i = l:num beads
plot (time(3:end), accelerations total(:, i), '-', 'LineWidth',
1.2);
end
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xlabel ('Time (s)'); ylabel('Total Acceleration (pm/s?)"');
title(['Total Acceleration per Bead - ', title name]);
legend (arrayfun (@ (i) sprintf('Bead %d', i), l:num beads, '
UniformOutput', false)):;

% Calculate the DEP force on the beads
um _to m = le-6;

velocities x cut = velocities x(l:end-1, :);
velocities y cut = velocities y(l:end-1, :);

Fx pN = (A * accelerations x * um to m + B * velocities x cut *
um_to m) * lel2;

Fy pN = (A * accelerations y * um to m + B * velocities y cut *
um_to m) * lel2;

Ftotal pN = sqgrt(Fx pN.”2 + Fy pN."2);

% Max F per bead

max F per bead = max(Ftotal pN, [], 1);

Calculate the average max DEP force on the beads in the experiments
with standard deviation

mean Fmax = mean (max F per bead);

std Fmax = std(max F per bead);

o
°
o
o

% Print the results for all the beads

fprintf ('\n===== Maximum Forces per Bead =====\n');
for i = l:num beads

fprintf ('Bead %d: %.2f pN\n', i, max F per bead(i));
end

[}

% Print the mean DEP force for the beads

fprintf ('\n===== Mean Maximum Force =====\n');

fprintf ('Mean Fmax: %$.2f + %.2f pN\n', mean Fmax, std Fmax);
end
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D.2. DEP motion
D.2.1. Bead motion
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Figure D.1: The measured velocities and accelerations of the 15 pm polystyrene beads in the OET with a medium of deionized
water with 0.05% Tween-20. The used sweep animation had a sweep time of 3 seconds and a thickness of 120 pixels. The
voltage on the chip was 30 V with a frequency of 1 kHz.
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Figure D.2: The measured velocities and accelerations of the 15 uym polystyrene beads in the OET with a medium of deionized
water with 0.05% Tween-20. The used sweep animation had a sweep time of 5 seconds and a thickness of 30 pixels. The
voltage on the chip was 30 V with a frequency of 5 kHz.
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Figure D.3: The measured velocities and accelerations of the 15 pm polystyrene beads in the OET with a medium of deionized
water with 0.05% Tween-20. The used sweep animation had a sweep time of 7 seconds and a thickness of 120 pixels. The
voltage on the chip was 30 V with a frequency of 1 kHz.
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Figure D.4: The measured velocities and accelerations of the 15 um polystyrene beads in the OET with a medium of deionized
water with 0.05% Tween-20. The used sweep animation had a sweep time of 7 seconds and a thickness of 120 pixels. The
voltage on the chip was 30 V with a frequency of 2 kHz.
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Figure D.5: The measured velocities and accelerations of the 15 uym polystyrene beads in the OET with a medium of deionized
water with 0.05% Tween-20. The used sweep animation had a sweep time of 7 seconds and a thickness of 120 pixels. The
voltage on the chip was 30 V with a frequency of 3 kHz.
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Figure D.6: The measured velocities and accelerations of the 15 uym polystyrene beads in the OET with a medium of deionized
water with 0.05% Tween-20. The used sweep animation had a sweep time of 7 seconds and a thickness of 120 pixels. The
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tage on the chip was 30 V with a frequency of 4 kHz.
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Figure D.7: The measured velocities and accelerations of the 15 pm polystyrene beads in the OET with a medium of deionized
water with 0.05% Tween-20. The used sweep animation had a sweep time of 7 seconds and a thickness of 120 pixels. The
voltage on the chip was 30 V with a frequency of 5 kHz.
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Figure D.8: The measured velocities and accelerations of the 15 uym polystyrene beads in the OET with a medium of deionized
water with 0.05% Tween-20. The used sweep animation had a sweep time of 7 seconds and a thickness of 120 pixels. The

voltage on the chip was 30 V with a frequency of 6 kHz.
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Figure D.9: The measured velocities and accelerations of the 15 pm polystyrene beads in the OET with a medium of deionized

water with 0.05% Tween-20. The used sweep animation had a sweep time of 7 seconds and a thickness of 120 pixels. The
voltage on the chip was 30 V with a frequency of 7 kHz.
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Figure D.10: The measured velocities and accelerations of the 15 ym polystyrene beads in the OET with a medium of deionized
water with 0.05% Tween-20. The used sweep animation had a sweep time of 7 seconds and a thickness of 120 pixels. The
voltage on the chip was 30 V with a frequency of 8 kHz.
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Figure D.11: The measured velocities and accelerations of the 15 ym polystyrene beads in the OET with a medium of deionized
water with 0.05% Tween-20. The used sweep animation had a sweep time of 7 seconds and a thickness of 120 pixels. The
voltage on the chip was 30 V with a frequency of 9 kHz.
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Figure D.12: The measured velocities and accelerations of the 15 pm polystyrene beads in the OET with a medium of deionized
water with 0.05% Tween-20. The used sweep animation had a sweep time of 7 seconds and a thickness of 120 pixels. The
voltage on the chip was 30 V with a frequency of 10 kHz.
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Figure D.13: The measured velocities and accelerations of the 15 um polystyrene beads in the OET with a medium of deionized
water with 0.05% Tween-20. The used sweep animation had a sweep time of 7 seconds and a thickness of 120 pixels. The

voltage on the chip was 30 V with a frequency of 11 kHz.

Total Velocity per Bead -
T=7s, f=12kHz, d = 4d, fr = 10fps

Total Velocity (um/s)
8
I

ﬂm’\ /\ /\M A A VW /\ WVW\/_“! I‘

0
2 4 6 8
Time (s)

Total Acceleration per Bead -
T=Ts, f=12kHz, d = 4d, fr = 10fps.

8
8
1

3
3
I

3
g
I

2
8
T

3
8
I

400 —

Total Acceleration (um/s?)
8
5
I

—Bead 1

Bead 2

Bead 3

18

|
g RN i At

0 2 4

Figure D.14: The measured velocities and accelerations of the 15 ym polystyrene beads in the OET with a medium of deionized
water with 0.05% Tween-20. The used sweep animation had a sweep time of 7 seconds and a thickness of 120 pixels. The

voltage on the chip was 30 V with a frequency of 12 kHz.
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Figure D.15: The measured velocities and accelerations of the 15 um polystyrene beads in the OET with a medium of deionized
water with 0.05% Tween-20. The used sweep animation had a sweep time of 7 seconds and a thickness of 120 pixels. The
voltage on the chip was 30 V with a frequency of 13 kHz.
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Figure D.16: The measured velocities and accelerations of the 15 ym polystyrene beads in the OET with a medium of deionized
water with 0.05% Tween-20. The used sweep animation had a sweep time of 7 seconds and a thickness of 120 pixels. The
voltage on the chip was 30 V with a frequency of 14 kHz.
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Figure D.17: The measured velocities and accelerations of the 15 um polystyrene beads in the OET with a medium of deionized
water with 0.05% Tween-20. The used sweep animation had a sweep time of 7 seconds and a thickness of 120 pixels. The
voltage on the chip was 30 V with a frequency of 15 kHz.
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Figure D.18: The measured velocities and accelerations of the 15 pym polystyrene beads in the OET with a medium of deionized
water with 0.05% Tween-20. The used sweep animation had a sweep time of 7 seconds and a thickness of 120 pixels. The
voltage on the chip was 30 V with a frequency of 16 kHz.
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Figure D.19: The measured velocities and accelerations of the 15 ym polystyrene beads in the OET with a medium of deionized
water with 0.05% Tween-20. The used sweep animation had a sweep time of 7 seconds and a thickness of 120 pixels. The
voltage on the chip was 30 V with a frequency of 17 kHz.
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Figure D.20: The measured velocities and accelerations of the 15 ym polystyrene beads in the OET with a medium of deionized
water with 0.05% Tween-20. The used sweep animation had a sweep time of 7 seconds and a thickness of 120 pixels. The
voltage on the chip was 30 V with a frequency of 18 kHz.
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Figure D.21: The measured velocities and accelerations of the 15 um polystyrene beads in the OET with a medium of deionized
water with 0.05% Tween-20. The used sweep animation had a sweep time of 7 seconds and a thickness of 120 pixels. The
voltage on the chip was 30 V with a frequency of 19 kHz.
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Figure D.22: The measured velocities and accelerations of the 15 pym polystyrene beads in the OET with a medium of deionized
water with 0.05% Tween-20. The used sweep animation had a sweep time of 7 seconds and a thickness of 120 pixels. The
voltage on the chip was 30 V with a frequency of 20 kHz.
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Figure D.23: The measured velocities and accelerations of the 15 um polystyrene beads in the OET with a medium of deionized
water with 0.05% Tween-20. The used sweep animation had a sweep time of 7 seconds and a thickness of 120 pixels. The
voltage on the chip was 30 V with a frequency of 50 kHz.
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Figure D.24: The measured velocities and accelerations of the 15 ym polystyrene beads in the OET with a medium of deionized
water with 0.05% Tween-20. The used sweep animation had a sweep time of 7 seconds and a thickness of 120 pixels. The
voltage on the chip was 30 V with a frequency of 100 kHz.



220 D. Results: Dielectric particle

Total Velocity per Bead -
T=15s, f=1kHz, d = 2d, fr = 2.9fps

Total Velocity (um/s)
o = 3
3 28 g

I I I

-
5
T

20—

Time (s)

Total Acceleration per Bead -
T=15s, = 1kHz, d = 2d, fr = 2.9fps
800 —

Bead 1
Bead 2
Bead 3
Bead4

500 [—

Total Acceleration (unvs?)
8
3
I

el | : |

Time (s)

Figure D.25: The measured velocities and accelerations of the 15 um polystyrene beads in the OET with a medium of deionized
water with 0.05% Tween-20. The used sweep animation had a sweep time of 15 seconds and a thickness of 60 pixels. The
voltage on the chip was 30 V with a frequency of 1 kHz.
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Figure D.26: The measured velocities and accelerations of the 15 ym polystyrene beads in the OET with a medium of deionized
water with 0.05% Tween-20. The used sweep animation had a sweep time of 15 seconds and a thickness of 90 pixels. The
voltage on the chip was 30 V with a frequency of 1 kHz.
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Figure D.27: The measured velocities and accelerations of the 15 um polystyrene beads in the OET with a medium of deionized
water with 0.05% Tween-20. The used sweep animation had a sweep time of 15 seconds and a thickness of 120 pixels. The

voltage on the chip was 30 V with a frequency of 1 kHz.
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Figure D.28: The measured velocities and accelerations of the 15 pym polystyrene beads in the OET with a medium of deionized
water with 0.05% Tween-20. The used sweep animation had a sweep time of 15 seconds and a thickness of 30 pixels. The

voltage on the chip was 30 V with a frequency of 5 kHz.
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Figure D.29: The measured velocities and accelerations of the 15 um polystyrene beads in the OET with a medium of deionized
water with 0.05% Tween-20. The used sweep animation had a sweep time of 15 seconds and a thickness of 60 pixels. The
voltage on the chip was 30 V with a frequency of 5 kHz.
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Figure D.30: The measured velocities and accelerations of the 15 ym polystyrene beads in the OET with a medium of deionized
water with 0.05% Tween-20. The used sweep animation had a sweep time of 15 seconds and a thickness of 90 pixels. The
voltage on the chip was 30 V with a frequency of 5 kHz.
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Figure D.31: The measured velocities and accelerations of the 15 ym polystyrene beads in the OET with a medium of deionized
water with 0.05% Tween-20. The used sweep animation had a sweep time of 15 seconds and a thickness of 90 pixels. The
voltage on the chip was 30 V with a frequency of 5 kHz. The illumination was set to 1/3 of full power.
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Figure D.32: The measured velocities and accelerations of the 15 ym polystyrene beads in the OET with a medium of deionized
water with 0.05% Tween-20. The used sweep animation had a sweep time of 15 seconds and a thickness of 90 pixels. The
voltage on the chip was 30 V with a frequency of 5 kHz. The illumination was set to 1/2 of full power.
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Figure D.33: The measured velocities and accelerations of the 15 ym polystyrene beads in the OET with a medium of deionized
water with 0.05% Tween-20. The used sweep animation had a sweep time of 15 seconds and a thickness of 90 pixels. The
voltage on the chip was 30 V with a frequency of 5 kHz. The illumination was set to 2/3 of full power.
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Figure D.34: The measured velocities and accelerations of the 15 pym polystyrene beads in the OET with a medium of deionized
water with 0.05% Tween-20. The used sweep animation had a sweep time of 15 seconds and a thickness of 90 pixels. The
voltage on the chip was 30 V with a frequency of 5 kHz. The illumination was set to 5/6 of full power.
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Figure D.35: The measured velocities and accelerations of the 15 ym polystyrene beads in the OET with a medium of deionized

water with 0.05% Tween-20. The used sweep animation had a sweep time of 15 seconds and a thickness of 120 pixels. The
voltage on the chip was 30 V with a frequency of 5 kHz.
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Figure D.36: The measured velocities and accelerations of the 15 pm polystyrene beads in the OET with a medium of deionized
water with 0.05% Tween-20. The used sweep animation had a sweep time of 15 seconds and a thickness of 30 pixels. The
voltage on the chip was 30 V with a frequency of 10 kHz.
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Figure D.37: The measured velocities and accelerations of the 15 pym polystyrene beads in the OET with a medium of deionized
water with 0.05% Tween-20. The used sweep animation had a sweep time of 15 seconds and a thickness of 90 pixels. The
voltage on the chip was 30 V with a frequency of 10 kHz.
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Figure D.38: The measured velocities and accelerations of the 15 ym polystyrene beads in the OET with a medium of deionized
water with 0.05% Tween-20. The used sweep animation had a sweep time of 15 seconds and a thickness of 30 pixels. The
voltage on the chip was 30 V with a frequency of 13 kHz.
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Figure D.39: The measured velocities and accelerations of the 15 pm polystyrene beads in the OET with a medium of deionized
water with 0.05% Tween-20. The used sweep animation had a sweep time of 15 seconds and a thickness of 30 pixels. The
voltage on the chip was 30 V with a frequency of 15 kHz.
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Figure D.40: The measured velocities and accelerations of the 15 pm polystyrene beads in the OET with a medium of deionized
water with 0.05% Tween-20. The used sweep animation had a sweep time of 15 seconds and a thickness of 90 pixels. The
voltage on the chip was 30 V with a frequency of 15 kHz.
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Figure D.41: The measured velocities and accelerations of the 15 ym polystyrene beads in the OET with a medium of deionized
water with 0.05% Tween-20. The used sweep animation had a sweep time of 15 seconds and a thickness of 30 pixels. The
voltage on the chip was 30 V with a frequency of 18 kHz.
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Figure D.42: The measured positions, velocities, and accelerations of the center position of the microbot in the OET with a
medium of deionized water with 0.05% Tween-20. The used sweep animation had a sweep time of 3 seconds and a thickness
of 120 pixels. The voltage on the chip was 30 V with a frequency of 18 kHz.
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Figure D.43: The measured positions, velocities, and accelerations of the center position of the microbot in the OET with a

medium of deionized water with 0.05% Tween-20. The used sweep animation had a sweep time of 5 seconds and a thickness
of 30 pixels. The voltage on the chip was 30 V with a frequency of 5 kHz.
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Figure D.44: The measured positions, velocities, and accelerations of the center position of the microbot in the OET with a
medium of deionized water with 0.05% Tween-20. The used sweep animation had a sweep time of 7 seconds and a thickness
of 120 pixels. The voltage on the chip was 30 V with a frequency of 1 kHz.
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Figure D.45: The measured positions, velocities, and accelerations of the center position of the microbot in the OET with a
medium of deionized water with 0.05% Tween-20. The used sweep animation had a sweep time of 7 seconds and a thickness
of 120 pixels. The voltage on the chip was 30 V with a frequency of 2 kHz.

Average Microbot Center Position -
T =7s, f = 3kHz, d = 4d, fr = 10fps

iy T T T T T T T T T
g
= 1000 |-
i)
%
&
<Yy | I | I | | I I I ]
0 2 4 6 8 10 12 14 16 18 20
Time (s)
Average Microbot Velocity -
T=7s, f=3kHz, d = 4d, fr = 10fps
e T T T T T T T T T
w
£ 200 ” —
= x
> o ~ v i
= .
% 200 total .
>
o | 1 | | | 1 | 1 |
0 2 4 6 8 10 12 14 16 18 20
Time (s)
Average Microbot Acceleration -
. T =7s, f = 3kHz, d = 4d, fr = 10fps
T S T T T T T T T T T
£
=
2 0 a 1
z X
K] ——a
8 o
S | 1 | 1 | 1 | 1 | lotal
<C -5000
0 2 4 6 8 10 12 14 16 18 20

Time (s)

Figure D.46: The measured positions, velocities, and accelerations of the center position of the microbot in the OET with a
medium of deionized water with 0.05% Tween-20. The used sweep animation had a sweep time of 7 seconds and a thickness
of 120 pixels. The voltage on the chip was 30 V with a frequency of 3 kHz.
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Figure D.47: The measured positions, velocities, and accelerations of the center position of the microbot in the OET with a
medium of deionized water with 0.05% Tween-20. The used sweep animation had a sweep time of 7 seconds and a thickness
of 120 pixels. The voltage on the chip was 30 V with a frequency of 4 kHz.
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Figure D.48: The measured positions, velocities, and accelerations of the center position of the microbot in the OET with a
medium of deionized water with 0.05% Tween-20. The used sweep animation had a sweep time of 7 seconds and a thickness
of 120 pixels. The voltage on the chip was 30 V with a frequency of 5 kHz.
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Figure D.49: The measured positions, velocities, and accelerations of the center position of the microbot in the OET with a
medium of deionized water with 0.05% Tween-20. The used sweep animation had a sweep time of 7 seconds and a thickness
of 120 pixels. The voltage on the chip was 30 V with a frequency of 6 kHz.
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Figure D.50: The measured positions, velocities, and accelerations of the center position of the microbot in the OET with a
medium of deionized water with 0.05% Tween-20. The used sweep animation had a sweep time of 7 seconds and a thickness
of 120 pixels. The voltage on the chip was 30 V with a frequency of 7 kHz.
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Figure D.51: The measured positions, velocities, and accelerations of the center position of the microbot in the OET with a
medium of deionized water with 0.05% Tween-20. The used sweep animation had a sweep time of 7 seconds and a thickness
of 120 pixels. The voltage on the chip was 30 V with a frequency of 8 kHz.
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Figure D.52: The measured positions, velocities, and accelerations of the center position of the microbot in the OET with a
medium of deionized water with 0.05% Tween-20. The used sweep animation had a sweep time of 7 seconds and a thickness
of 120 pixels. The voltage on the chip was 30 V with a frequency of 9 kHz.
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Figure D.53: The measured positions, velocities, and accelerations of the center position of the microbot in the OET with a
medium of deionized water with 0.05% Tween-20. The used sweep animation had a sweep time of 7 seconds and a thickness
of 120 pixels. The voltage on the chip was 30 V with a frequency of 10 kHz.
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Figure D.54: The measured positions, velocities, and accelerations of the center position of the microbot in the OET with a
medium of deionized water with 0.05% Tween-20. The used sweep animation had a sweep time of 7 seconds and a thickness
of 120 pixels. The voltage on the chip was 30 V with a frequency of 11 kHz.



D.2. DEP motion 235

Average Microbot Center Position -
T=7s, f=12kHz, d = 4d, fr = 10fps
= T T T T T T T T

1000 |~

Position (;:m)

1 | 1 | 1 | 1 |
0 2 4 6 8 10 12 14 16 18
Time (s)

Average Microbot Velocity -
T=7s, f=12kHz, d = 4d, fr = 10fps
I |

o
=3
S

o
=

Velocity (um/s)
o g

S &
o o

Time (s)
Average Microbot Acceleration -
e T=7s, f=12kHz, d = 4d, fr = 10fps
2000 T T T T T T T T

;m’l/S2

1000

-1000

Acceleration

-2000
0

Time (s)

Figure D.55: The measured positions, velocities, and accelerations of the center position of the microbot in the OET with a
medium of deionized water with 0.05% Tween-20. The used sweep animation had a sweep time of 7 seconds and a thickness
of 120 pixels. The voltage on the chip was 30 V with a frequency of 12 kHz.

Average Microbot Center Position -
T =7s, f=13kHz, d = 4d, fr = 10fps
|

iy T T T T T T T
E
.5 1000 — —
.‘%‘
o
o
500 = + t T T I I T T =
0 2 4 6 8 10 12 14 16 18
Time (s)
Average Microbot Velocity -
T=7s, f= 13kHz, d = 4d, fr = 10fps
100 T T T T T T T T v, |
v,
50 y -
vV,

Velocity {(;:m/s)
o

Time (s)
Average Microbot Acceleration -
T=7s, f=13kHz, d = 4d, fr = 10fps

a o
S o
o O O

63}
=]
=]

Acceleration (;Lm/s2)
2
(=3
o

Time (s)

Figure D.56: The measured positions, velocities, and accelerations of the center position of the microbot in the OET with a
medium of deionized water with 0.05% Tween-20. The used sweep animation had a sweep time of 7 seconds and a thickness
of 120 pixels. The voltage on the chip was 30 V with a frequency of 13 kHz.
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Figure D.57: The measured positions, velocities, and accelerations of the center position of the microbot in the OET with a
medium of deionized water with 0.05% Tween-20. The used sweep animation had a sweep time of 7 seconds and a thickness
of 120 pixels. The voltage on the chip was 30 V with a frequency of 14 kHz.

Average Microbot Center Position -
T =7s, f = 15kHz, d = 4d, fr = 10fps

1500

Position (xm)
S
o
(=}

500

100

50

Velocity (p:m/s)
o

a o
S o
S O

Acceleration (ym/sz)
&
o
(=] (=]

-1000
0

Average Microbot Acceleration -
T =7s, f = 15kHz, d = 4d, fr = 10fps

6 8 10 12 14

Time (s)
Average Microbot Velocity -
T =Ts, f = 15kHz, d = 4d, fr = 10fps

T T T T
— p.
_Vx

f— Vy -

1 Vlola\ | | |

6 8 10 12 14
Time (s)

Time (s)

Figure D.58: The measured positions, velocities, and accelerations of the center position of the microbot in the OET with a
medium of deionized water with 0.05% Tween-20. The used sweep animation had a sweep time of 7 seconds and a thickness
of 120 pixels. The voltage on the chip was 30 V with a frequency of 15 kHz.
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Figure D.59: The measured positions, velocities, and accelerations of the center position of the microbot in the OET with a
medium of deionized water with 0.05% Tween-20. The used sweep animation had a sweep time of 7 seconds and a thickness
of 120 pixels. The voltage on the chip was 30 V with a frequency of 16 kHz.
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Figure D.60: The measured positions, velocities, and accelerations of the center position of the microbot in the OET with a
medium of deionized water with 0.05% Tween-20. The used sweep animation had a sweep time of 7 seconds and a thickness
of 120 pixels. The voltage on the chip was 30 V with a frequency of 17 kHz.
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Figure D.61: The measured positions, velocities, and accelerations of the center position of the microbot in the OET with a
medium of deionized water with 0.05% Tween-20. The used sweep animation had a sweep time of 7 seconds and a thickness
of 120 pixels. The voltage on the chip was 30 V with a frequency of 18 kHz.
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Figure D.62: The measured positions, velocities, and accelerations of the center position of the microbot in the OET with a
medium of deionized water with 0.05% Tween-20. The used sweep animation had a sweep time of 7 seconds and a thickness
of 120 pixels. The voltage on the chip was 30 V with a frequency of 19 kHz.
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Figure D.63: The measured positions, velocities, and accelerations of the center position of the microbot in the OET with a
medium of deionized water with 0.05% Tween-20. The used sweep animation had a sweep time of 7 seconds and a thickness
of 120 pixels. The voltage on the chip was 30 V with a frequency of 20 kHz.
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Figure D.64: The measured positions, velocities, and accelerations of the center position of the microbot in the OET with a
medium of deionized water with 0.05% Tween-20. The used sweep animation had a sweep time of 7 seconds and a thickness
of 120 pixels. The voltage on the chip was 30 V with a frequency of 50 kHz.
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Figure D.65: The measured positions, velocities, and accelerations of the center position of the microbot in the OET with a
medium of deionized water with 0.05% Tween-20. The used sweep animation had a sweep time of 7 seconds and a thickness
of 120 pixels. The voltage on the chip was 30 V with a frequency of 100 kHz.
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Figure D.66: The measured positions, velocities, and accelerations of the center position of the microbot in the OET with a
medium of deionized water with 0.05% Tween-20. The used sweep animation had a sweep time of 15 seconds and a thickness
of 60 pixels. The voltage on the chip was 30 V with a frequency of 1 kHz.
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Figure D.67: The measured positions, velocities, and accelerations of the center position of the microbot in the OET with a
medium of deionized water with 0.05% Tween-20. The used sweep animation had a sweep time of 15 seconds and a thickness
of 90 pixels. The voltage on the chip was 30 V with a frequency of 1 kHz.
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Figure D.68: The measured positions, velocities, and accelerations of the center position of the microbot in the OET with a
medium of deionized water with 0.05% Tween-20. The used sweep animation had a sweep time of 15 seconds and a thickness
of 120 pixels. The voltage on the chip was 30 V with a frequency of 1 kHz.
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Figure D.69: The measured positions, velocities, and accelerations of the center position of the microbot in the OET with a
medium of deionized water with 0.05% Tween-20. The used sweep animation had a sweep time of 15 seconds and a thickness

of 30 pixels. The voltage on the chip was 30 V with a frequency of 5 kHz.
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Figure D.70: The measured positions, velocities, and accelerations of the center position of the microbot in the OET with a
medium of deionized water with 0.05% Tween-20. The used sweep animation had a sweep time of 15 seconds and a thickness

of 60 pixels. The voltage on the chip was 30 V with a frequency of 5 kHz.
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Figure D.71: The measured positions, velocities, and accelerations of the center position of the microbot in the OET with a
medium of deionized water with 0.05% Tween-20. The used sweep animation had a sweep time of 15 seconds and a thickness
of 90 pixels. The voltage on the chip was 30 V with a frequency of 5 kHz.
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Figure D.72: The measured positions, velocities, and accelerations of the center position of the microbot in the OET with a
medium of deionized water with 0.05% Tween-20. The used sweep animation had a sweep time of 15 seconds and a thickness
of 90 pixels. The voltage on the chip was 30 V with a frequency of 5 kHz. The illumination was set to 1/3 of full power.
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Figure D.73: The measured positions, velocities, and accelerations of the center position of the microbot in the OET with a
medium of deionized water with 0.05% Tween-20. The used sweep animation had a sweep time of 15 seconds and a thickness
of 90 pixels. The voltage on the chip was 30 V with a frequency of 5 kHz. The illumination was set to 1/2 of full power.
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Figure D.74: The measured positions, velocities, and accelerations of the center position of the microbot in the OET with a
medium of deionized water with 0.05% Tween-20. The used sweep animation had a sweep time of 15 seconds and a thickness
of 90 pixels. The voltage on the chip was 30 V with a frequency of 5 kHz. The illumination was set to 2/3 of full power.
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Figure D.75: The measured positions, velocities, and accelerations of the center position of the microbot in the OET with a
medium of deionized water with 0.05% Tween-20. The used sweep animation had a sweep time of 15 seconds and a thickness
of 90 pixels. The voltage on the chip was 30 V with a frequency of 5 kHz. The illumination was set to 5/6 of full power.
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Figure D.76: The measured positions, velocities, and accelerations of the center position of the microbot in the OET with a
medium of deionized water with 0.05% Tween-20. The used sweep animation had a sweep time of 15 seconds and a thickness
of 120 pixels. The voltage on the chip was 30 V with a frequency of 5 kHz.
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Figure D.77: The measured positions, velocities, and accelerations of the center position of the microbot in the OET with a
medium of deionized water with 0.05% Tween-20. The used sweep animation had a sweep time of 15 seconds and a thickness
of 30 pixels. The voltage on the chip was 30 V with a frequency of 10 kHz.
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Figure D.78: The measured positions, velocities, and accelerations of the center position of the microbot in the OET with a
medium of deionized water with 0.05% Tween-20. The used sweep animation had a sweep time of 15 seconds and a thickness
of 90 pixels. The voltage on the chip was 30 V with a frequency of 10 kHz.
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Figure D.79: The measured positions, velocities, and accelerations of the center position of the microbot in the OET with a
medium of deionized water with 0.05% Tween-20. The used sweep animation had a sweep time of 15 seconds and a thickness

of 30

pixels. The voltage on the chip was 30 V with a frequency of 13 kHz.
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Figure D.80: The measured positions, velocities, and accelerations of the center position of the microbot in the OET with a
medium of deionized water with 0.05% Tween-20. The used sweep animation had a sweep time of 15 seconds and a thickness
of 30 pixels. The voltage on the chip was 30 V with a frequency of 15 kHz.
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Figure D.81: The measured positions, velocities, and accelerations of the center position of the microbot in the OET with a
medium of deionized water with 0.05% Tween-20. The used sweep animation had a sweep time of 15 seconds and a thickness
of 90 pixels. The voltage on the chip was 30 V with a frequency of 15 kHz.

Average Microbot Center Position -
T =15s, f = 18kHz, d = 1d, fr = 2.9fps

iy T T T T T
E
= 1000 [~
S
ko
[=]
O 500 —
| | 1 1 1
0 5 10 15 20 25 30
Time (s)
Average Microbot Velocity -
T =15s, f = 18kHz, d = 1d, fr = 2.9fps
_ 10F T T T T T -
(0
E‘ 5 —v, |7
g - o PAT N — v, |-
o v,
S 5l total| —
[}
>
10 | | 1 | | =
0 5 10 15 20 25 30
Time (s)
Average Microbot Acceleration -
. T =15s, f = 18kHz, d = 1d, fr = 2.9fps
p T T T T T
£
€ 20
§ ol —_
5
3 20
g 40 | | | | |
0 5 10 15 20 25 30

Time (s)

Figure D.82: The measured positions, velocities, and accelerations of the center position of the microbot in the OET with a
medium of deionized water with 0.05% Tween-20. The used sweep animation had a sweep time of 15 seconds and a thickness
of 30 pixels. The voltage on the chip was 30 V with a frequency of 18 kHz.
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Figure D.83: The dynamics of the sweep pattern with the fitted
linear function in orange. The sweep has a sweep time of 3
second and has a sweep thickness of 120 pixels. The input
voltage of the experiment is 30 V with a frequency of 1 kHz.
The sweep has a delay of 20 frames and has a peak at 44
frames.
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Figure D.85: The dynamics of the sweep pattern with the fitted
linear function in orange. The sweep has a sweep time of 7
second and has a sweep thickness of 120 pixels. The input
voltage of the experiment is 30 V with a frequency of 1 kHz.
The sweep has a delay of 15 frames and has a peak at 32
frames.
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Figure D.84: The dynamics of the sweep pattern with the fitted
linear function in orange. The sweep has a sweep time of 5
second and has a sweep thickness of 30 pixels. The input volt-
age of the experiment is 30 V with a frequency of 5 kHz. The
sweep has a delay of 9 frames and has a peak at 21 frames.
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Figure D.86: The dynamics of the sweep pattern with the fitted
linear function in orange. The sweep has a sweep time of 7
second and has a sweep thickness of 120 pixels. The input
voltage of the experiment is 30 V with a frequency of 2 kHz.
The sweep has a delay of 53 frames and has a peak at 113
frames.
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Figure D.87: The dynamics of the sweep pattern with the fitted
linear function in orange. The sweep has a sweep time of 7
second and has a sweep thickness of 120 pixels. The input
voltage of the experiment is 30 V with a frequency of 3 kHz.
The sweep has a delay of 32 frames and has a peak at 93
frames.
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Figure D.89: The dynamics of the sweep pattern with the fitted
linear function in orange. The sweep has a sweep time of 7
second and has a sweep thickness of 120 pixels. The input
voltage of the experiment is 30 V with a frequency of 5 kHz.
The sweep has a delay of 12 frames and has a peak at 72
frames.
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Figure D.88: The dynamics of the sweep pattern with the fitted
linear function in orange. The sweep has a sweep time of 7
second and has a sweep thickness of 120 pixels. The input
voltage of the experiment is 30 V with a frequency of 4 kHz.
The sweep has a delay of 44 frames and has a peak at 104
frames.

Optimized Linear Fit of Pattern position -
T =17s, f = 6kHz, d = 4d, fr = 10fps

2500
True data
R Fitted pattern
2000t i
)
e
53,1500 Vi A
s / AN
3 10001 N
s *,
o - N,
500 ‘;’l .
0 L L .
0 50 100 150 200

Time step [frames]

Figure D.90: The dynamics of the sweep pattern with the fitted
linear function in orange. The sweep has a sweep time of 7
second and has a sweep thickness of 120 pixels. The input
voltage of the experiment is 30 V with a frequency of 6 kHz.
The sweep has a delay of 26 frames and has a peak at 86
frames.
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Figure D.91: The dynamics of the sweep pattern with the fitted
linear function in orange. The sweep has a sweep time of 7
second and has a sweep thickness of 120 pixels. The input
voltage of the experiment is 30 V with a frequency of 7 kHz.
The sweep has a delay of 25 frames and has a peak at 86
frames.
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Figure D.93: The dynamics of the sweep pattern with the fitted
linear function in orange. The sweep has a sweep time of 7
second and has a sweep thickness of 120 pixels. The input
voltage of the experiment is 30 V with a frequency of 9 kHz.
The sweep has a delay of 18 frames and has a peak at 78
frames.
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Figure D.92: The dynamics of the sweep pattern with the fitted
linear function in orange. The sweep has a sweep time of 7
second and has a sweep thickness of 120 pixels. The input
voltage of the experiment is 30 V with a frequency of 8 kHz.
The sweep has a delay of 27 frames and has a peak at 86
frames.

Optimized Linear Fit of Pattern position -
T=7s,f=10kHz, d = 4d, fr = 10fps

2500
True data
----------- Fitted pattern
2000}
@
@ ; ",
X S
31500 / N
2 I
S / h
g 1000 | ’;"; ‘..\\\
o 4 A
< 4
500 :
i . | , |
0 50 100 150 200 250

Time step [frames]

Figure D.94: The dynamics of the sweep pattern with the fitted
linear function in orange. The sweep has a sweep time of 7
second and has a sweep thickness of 120 pixels. The input
voltage of the experiment is 30 V with a frequency of 10 kHz.
The sweep has a delay of 18 frames and has a peak at 77
frames.
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Figure D.95: The dynamics of the sweep pattern with the fitted
linear function in orange. The sweep has a sweep time of 7
second and has a sweep thickness of 120 pixels. The input
voltage of the experiment is 30 V with a frequency of 11 kHz.
The sweep has a delay of 15 frames and has a peak at 76
frames.
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Figure D.97: The dynamics of the sweep pattern with the fitted
linear function in orange. The sweep has a sweep time of 7
second and has a sweep thickness of 120 pixels. The input
voltage of the experiment is 30 V with a frequency of 13 kHz.
The sweep has a delay of 20 frames and has a peak at 81
frames.

Time step [frames]

Figure D.96: The dynamics of the sweep pattern with the fitted
linear function in orange. The sweep has a sweep time of 7
second and has a sweep thickness of 120 pixels. The input
voltage of the experiment is 30 V with a frequency of 12 kHz.
The sweep has a delay of 22 frames and has a peak at 83
frames.
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Figure D.98: The dynamics of the sweep pattern with the fitted
linear function in orange. The sweep has a sweep time of 7
second and has a sweep thickness of 120 pixels. The input
voltage of the experiment is 30 V with a frequency of 14 kHz.
The sweep has a delay of 23 frames and has a peak at 84
frames.
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Figure D.99: The dynamics of the sweep pattern with the fitted
linear function in orange. The sweep has a sweep time of 7
second and has a sweep thickness of 120 pixels. The input
voltage of the experiment is 30 V with a frequency of 15 kHz.
The sweep has a delay of 15 frames and has a peak at 75
frames.
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Figure D.101: The dynamics of the sweep pattern with the fitted
linear function in orange. The sweep has a sweep time of 7
second and has a sweep thickness of 120 pixels. The input
voltage of the experiment is 30 V with a frequency of 17 kHz.
The sweep has a delay of 25 frames and has a peak at 86
frames.
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Figure D.100: The dynamics of the sweep pattern with the fitted
linear function in orange. The sweep has a sweep time of 7
second and has a sweep thickness of 120 pixels. The input
voltage of the experiment is 30 V with a frequency of 16 kHz.
The sweep has a delay of 24 frames and has a peak at 84
frames.
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Figure D.102: The dynamics of the sweep pattern with the fitted
linear function in orange. The sweep has a sweep time of 7
second and has a sweep thickness of 120 pixels. The input
voltage of the experiment is 30 V with a frequency of 18 kHz.
The sweep has a delay of 17 frames and has a peak at 77
frames.
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Figure D.103: The dynamics of the sweep pattern with the fit-
ted linear function in orange. The sweep has a sweep time of
7 second and has a sweep thickness of 120 pixels. The in-
put voltage of the experiment is 30 V with a frequency of 19
kHz. The sweep has a delay of 8 frames and has a peak at 69
frames.

Optimized Linear Fit of Pattern position -
T =7s, f=50kHz, d = 4d, fr = 10fps

2500
2000 |
)
) J .,
2 1500
n,
c #
:g s~ \\"
2 1000 f ™
o pe -
< # ’
500
.......... True data
----------- Fitted pattern
0 | I
0 50 100 150

Time step [frames]

Figure D.105: The dynamics of the sweep pattern with the fitted
linear function in orange. The sweep has a sweep time of 7
second and has a sweep thickness of 120 pixels. The input
voltage of the experiment is 30 V with a frequency of 50 kHz.
The sweep has a delay of 11 frames and has a peak at 71
frames.

Time step [frames]

Figure D.104: The dynamics of the sweep pattern with the fitted
linear function in orange. The sweep has a sweep time of 7
second and has a sweep thickness of 120 pixels. The input
voltage of the experiment is 30 V with a frequency of 20 kHz.
The sweep has a delay of 19 frames and has a peak at 79
frames.
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Figure D.106: The dynamics of the sweep pattern with the fitted
linear function in orange. The sweep has a sweep time of 7
second and has a sweep thickness of 120 pixels. The input
voltage of the experiment is 30 V with a frequency of 100 kHz.
The sweep has a delay of 16 frames and has a peak at 77
frames.
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Optimized Linear Fit of Pattern position -
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Figure D.107: The dynamics of the sweep pattern with the fitted
linear function in orange. The sweep has a sweep time of 15
second and has a sweep thickness of 60 pixels. The input volt-
age of the experiment is 30 V with a frequency of 1 kHz. The
sweep has a delay of 4 frames and has a peak at 19 frames.
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Figure D.109: The dynamics of the sweep pattern with the fitted
linear function in orange. The sweep has a sweep time of 15
second and has a sweep thickness of 120 pixels. The input
voltage of the experiment is 30 V with a frequency of 1 kHz.
The sweep has a delay of 31 frames and has a peak at 141
frames.
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Figure D.108: The dynamics of the sweep pattern with the fitted
linear function in orange. The sweep has a sweep time of 15
second and has a sweep thickness of 90 pixels. The input volt-
age of the experiment is 30 V with a frequency of 1 kHz. The
sweep has a delay of 2 frames and has a peak at 18 frames.
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Figure D.110: The dynamics of the sweep pattern with the fitted
linear function in orange. The sweep has a sweep time of 15
second and has a sweep thickness of 90 pixels. The input volt-
age of the experiment is 30 V with a frequency of 5 kHz. The
sweep has a delay of 4 frames and has a peak at 20 frames.
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Figure D.111: The dynamics of the sweep pattern with the fit-
ted linear function in orange. The sweep has a sweep time of
15 second and has a sweep thickness of 90 pixels. The input
voltage of the experiment is 30 V with a frequency of 5 kHz.
The illumination power was set to 1/3 of full power. The sweep
has a delay of 5 frames and has a peak at 20 frames.
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Figure D.113: The dynamics of the sweep pattern with the fit-
ted linear function in orange. The sweep has a sweep time of
15 second and has a sweep thickness of 90 pixels. The input
voltage of the experiment is 30 V with a frequency of 5 kHz.
The illumination power was set to 2/3 of full power. The sweep
has a delay of 4 frames and has a peak at 19 frames.

Time step [frames]

Figure D.112: The dynamics of the sweep pattern with the fit-
ted linear function in orange. The sweep has a sweep time of
15 second and has a sweep thickness of 90 pixels. The input
voltage of the experiment is 30 V with a frequency of 5 kHz.
The illumination power was set to 1/2 of full power. The sweep
has a delay of 4 frames and has a peak at 19 frames.
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Figure D.114: The dynamics of the sweep pattern with the fit-
ted linear function in orange. The sweep has a sweep time of
15 second and has a sweep thickness of 90 pixels. The input
voltage of the experiment is 30 V with a frequency of 5 kHz.
The illumination power was set to 5/6 of full power. The sweep
has a delay of 3 frames and has a peak at 19 frames.
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Optimized Linear Fit of Pattern position -
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Figure D.115: The dynamics of the sweep pattern with the fitted
linear function in orange. The sweep has a sweep time of 15
second and has a sweep thickness of 30 pixels. The input volt-
age of the experiment is 30 V with a frequency of 5 kHz. The
sweep has a delay of 13 frames and has a peak at 49 frames.
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Figure D.117: The dynamics of the sweep pattern with the fitted
linear function in orange. The sweep has a sweep time of 15
second and has a sweep thickness of 120 pixels. The input
voltage of the experiment is 30 V with a frequency of 5 kHz. The
sweep has a delay of 4 frames and has a peak at 20 frames.
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Figure D.116: The dynamics of the sweep pattern with the fitted
linear function in orange. The sweep has a sweep time of 15
second and has a sweep thickness of 60 pixels. The input volt-
age of the experiment is 30 V with a frequency of 5 kHz. The
sweep has a delay of 5 frames and has a peak at 20 frames.
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Figure D.118: The dynamics of the sweep pattern with the fitted
linear function in orange. The sweep has a sweep time of 15
second and has a sweep thickness of 30 pixels. The input volt-
age of the experiment is 30 V with a frequency of 10 kHz. The
sweep has a delay of 11 frames and has a peak at 63 frames.
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Optimized Linear Fit of Pattern position - Optimized Linear Fit of Pattern position -
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Figure D.119: The dynamics of the sweep pattern with the fitted
linear function in orange. The sweep has a sweep time of 15
second and has a sweep thickness of 90 pixels. The input volt-
age of the experiment is 30 V with a frequency of 10 kHz. The
sweep has a delay of 2 frames and has a peak at 17 frames.
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Figure D.121: The dynamics of the sweep pattern with the fitted
linear function in orange. The sweep has a sweep time of 15
second and has a sweep thickness of 30 pixels. The input volt-
age of the experiment is 30 V with a frequency of 15 kHz. The
sweep has a delay of 6 frames and has a peak at 54 frames.

Time step [frames]

Figure D.120: The dynamics of the sweep pattern with the fitted
linear function in orange. The sweep has a sweep time of 15
second and has a sweep thickness of 30 pixels. The input volt-
age of the experiment is 30 V with a frequency of 13 kHz. The
sweep has a delay of 7 frames and has a peak at 34 frames.
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Figure D.122: The dynamics of the sweep pattern with the fitted
linear function in orange. The sweep has a sweep time of 15
second and has a sweep thickness of 90 pixels. The input volt-
age of the experiment is 30 V with a frequency of 15 kHz. The
sweep has a delay of 3 frames and has a peak at 18 frames.
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Optimized Linear Fit of Pattern position -
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Figure D.123: The dynamics of the sweep pattern with the fitted linear function in orange. The sweep has a sweep time of 15
second and has a sweep thickness of 30 pixels. The input voltage of the experiment is 30 V with a frequency of 18 kHz. The
sweep has a delay of 7 frames and has a peak at 38 frames.



260 D. Results: Dielectric particle

D.3. DEP force

D.3.1. DEP force on the microbot, calculated using Stokes’s law

Computed DEP force on microbots using the EoM -
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Figure D.124: The calculated DEP force on the microbot over time. The separate lines denote the partial forces in x and y
directions, and the total force. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 3 seconds and a sweep thickness of 120 pixels. The input voltage of the experiment is 30 V
with a frequency of 1 kHz.
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Figure D.125: The calculated DEP force on the microbot over time. The separate lines denote the partial forces in x and y
directions, and the total force. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 5 seconds and a sweep thickness of 90 pixels. The input voltage of the experiment is 30 V
with a frequency of 5 kHz.
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Computed DEP force on microbots using the EoM -
T=7s, f=1kHz, d = 4d, fr = 2.91fps
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Figure D.126: The calculated DEP force on the microbot over time. The separate lines denote the partial forces in x and y
directions, and the total force. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 7 seconds and a sweep thickness of 120 pixels. The input voltage of the experiment is 30 V

with a frequency of 1 kHz.
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Computed DEP force on microbots using the EoM -
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Figure D.127: The calculated DEP force on the microbot over time. The separate lines denote the partial forces in x and y
directions, and the total force. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 7 seconds and a sweep thickness of 120 pixels. The input voltage of the experiment is 30 V

with a frequency of 2 kHz.
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Computed DEP force on microbots using the EoM -
T=7s, f=3kHz, d = 4d, fr = 10fps
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Figure D.128: The calculated DEP force on the microbot over time. The separate lines denote the partial forces in x and y
directions, and the total force. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 7 seconds and a sweep thickness of 120 pixels. The input voltage of the experiment is 30 V
with a frequency of 3 kHz.
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Figure D.129: The calculated DEP force on the microbot over time. The separate lines denote the partial forces in x and y
directions, and the total force. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 7 seconds and a sweep thickness of 120 pixels. The input voltage of the experiment is 30 V
with a frequency of 4 kHz.
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Computed DEP force on microbots using the EoM -
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Figure D.130: The calculated DEP force on the microbot over time. The separate lines denote the partial forces in x and y
directions, and the total force. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 7 seconds and a sweep thickness of 120 pixels. The input voltage of the experiment is 30 V
with a frequency of 5 kHz.
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Figure D.131: The calculated DEP force on the microbot over time. The separate lines denote the partial forces in x and y
directions, and the total force. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 7 seconds and a sweep thickness of 120 pixels. The input voltage of the experiment is 30 V
with a frequency of 6 kHz.
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Computed DEP force on microbots using the EoM -
T=7s, f=7kHz, d = 4d, fr = 10fps
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Figure D.132: The calculated DEP force on the microbot over time. The separate lines denote the partial forces in x and y
directions, and the total force. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 7 seconds and a sweep thickness of 120 pixels. The input voltage of the experiment is 30 V
with a frequency of 7 kHz.

Computed DEP force on microbots using the EoM -
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Figure D.133: The calculated DEP force on the microbot over time. The separate lines denote the partial forces in x and y
directions, and the total force. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 7 seconds and a sweep thickness of 120 pixels. The input voltage of the experiment is 30 V
with a frequency of 8 kHz.
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Computed DEP force on microbots using the EoM -
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Figure D.134: The calculated DEP force on the microbot over time. The separate lines denote the partial forces in x and y
directions, and the total force. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 7 seconds and a sweep thickness of 120 pixels. The input voltage of the experiment is 30 V
with a frequency of 9 kHz.
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Figure D.135: The calculated DEP force on the microbot over time. The separate lines denote the partial forces in x and y
directions, and the total force. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 7 seconds and a sweep thickness of 120 pixels. The input voltage of the experiment is 30 V
with a frequency of 10 kHz.
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Computed DEP force on microbots using the EoM -
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Figure D.136: The calculated DEP force on the microbot over time. The separate lines denote the partial forces in x and y
directions, and the total force. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 7 seconds and a sweep thickness of 120 pixels. The input voltage of the experiment is 30 V
with a frequency of 11 kHz.

Computed DEP force on microbots using the EoM -
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Figure D.137: The calculated DEP force on the microbot over time. The separate lines denote the partial forces in x and y
directions, and the total force. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 7 seconds and a sweep thickness of 120 pixels. The input voltage of the experiment is 30 V
with a frequency of 12 kHz.
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Computed DEP force on microbots using the EoM -
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Figure D.138: The calculated DEP force on the microbot over time. The separate lines denote the partial forces in x and y
directions, and the total force. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 7 seconds and a sweep thickness of 120 pixels. The input voltage of the experiment is 30 V
with a frequency of 13 kHz.

Computed DEP force on microbots using the EoM -
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Figure D.139: The calculated DEP force on the microbot over time. The separate lines denote the partial forces in x and y
directions, and the total force. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 7 seconds and a sweep thickness of 120 pixels. The input voltage of the experiment is 30 V
with a frequency of 14 kHz.
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Computed DEP force on microbots using the EoM -
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Figure D.140: The calculated DEP force on the microbot over time. The separate lines denote the partial forces in x and y
directions, and the total force. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 7 seconds and a sweep thickness of 120 pixels. The input voltage of the experiment is 30 V
with a frequency of 15 kHz.

Computed DEP force on microbots using the EoM -

T=7s, f=16kHz, d = 4d, fr = 10fps
400 T T T

-,
y
+ Ftc'a\ _

300 —

100 —

s

-100 —

Force (pN)

oA YT 'iiﬁﬁfg“ﬁsi‘;”i’ é:’v’i‘}.’f =Y 1-:*:"!‘%}"’3*'-;“:

-200 — -

300 I L I l l L I l

Time (s)

Figure D.141: The calculated DEP force on the microbot over time. The separate lines denote the partial forces in x and y
directions, and the total force. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 7 seconds and a sweep thickness of 120 pixels. The input voltage of the experiment is 30 V
with a frequency of 16 kHz.
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Computed DEP force on microbots using the EoM -
T=7s,f=17kHz, d = 4d, fr = 10fps
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Figure D.142: The calculated DEP force on the microbot over time. The separate lines denote the partial forces in x and y
directions, and the total force. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 7 seconds and a sweep thickness of 120 pixels. The input voltage of the experiment is 30 V
with a frequency of 17 kHz.

Computed DEP force on microbots using the EoM -
T=7s, f=18kHz, d = 4d, fr = 10fps
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Figure D.143: The calculated DEP force on the microbot over time. The separate lines denote the partial forces in x and y
directions, and the total force. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 7 seconds and a sweep thickness of 120 pixels. The input voltage of the experiment is 30 V
with a frequency of 18 kHz.
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Computed DEP force on microbots using the EoM -
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Figure D.144: The calculated DEP force on the microbot over time. The separate lines denote the partial forces in x and y
directions, and the total force. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 7 seconds and a sweep thickness of 120 pixels. The input voltage of the experiment is 30 V
with a frequency of 19 kHz.
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Figure D.145: The calculated DEP force on the microbot over time. The separate lines denote the partial forces in x and y
directions, and the total force. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 7 seconds and a sweep thickness of 120 pixels. The input voltage of the experiment is 30 V
with a frequency of 20 kHz.
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Figure D.146: The calculated DEP force on the microbot over time. The separate lines denote the partial forces in x and y
directions, and the total force. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 7 seconds and a sweep thickness of 120 pixels. The input voltage of the experiment is 30 V
with a frequency of 50 kHz.
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Figure D.147: The calculated DEP force on the microbot over time. The separate lines denote the partial forces in x and y
directions, and the total force. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 7 seconds and a sweep thickness of 120 pixels. The input voltage of the experiment is 30 V

with a frequency of 100 kHz.
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Figure D.148: The calculated DEP force on the microbot over time. The separate lines denote the partial forces in x and y
directions, and the total force. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 15 seconds and a sweep thickness of 60 pixels. The input voltage of the experiment is 30 V
with a frequency of 1 kHz.
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Figure D.149: The calculated DEP force on the microbot over time. The separate lines denote the partial forces in x and y
directions, and the total force. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 15 seconds and a sweep thickness of 90 pixels. The input voltage of the experiment is 30 V
with a frequency of 1 kHz.
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Computed DEP force on microbots using the EoM -
T =15s, f = 1kHz, d = 4d, fr = 10fps
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Figure D.150: The calculated DEP force on the microbot over time. The separate lines denote the partial forces in x and y
directions, and the total force. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 15 seconds and a sweep thickness of 120 pixels. The input voltage of the experiment is 30
V with a frequency of 1 kHz.
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Figure D.151: The calculated DEP force on the microbot over time. The separate lines denote the partial forces in x and y
directions, and the total force. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 15 seconds and a sweep thickness of 30 pixels. The input voltage of the experiment is 30 V
with a frequency of 5 kHz.
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Computed DEP force on microbots using the EoM -
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Figure D.152: The calculated DEP force on the microbot over time. The separate lines denote the partial forces in x and y
directions, and the total force. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 15 seconds and a sweep thickness of 60 pixels. The input voltage of the experiment is 30 V
with a frequency of 5 kHz.
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Figure D.153: The calculated DEP force on the microbot over time. The separate lines denote the partial forces in x and y
directions, and the total force. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 15 seconds and a sweep thickness of 90 pixels. The input voltage of the experiment is 30 V
with a frequency of 5 kHz.
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Computed DEP force on microbots using the EoM -
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Figure D.154: The calculated DEP force on the microbot over time. The separate lines denote the partial forces in x and y
directions, and the total force. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 15 seconds and a sweep thickness of 90 pixels. The input voltage of the experiment is 30 V
with a frequency of 5 kHz. The illumination power is set to 1/3 of the full power.
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Figure D.155: The calculated DEP force on the microbot over time. The separate lines denote the partial forces in x and y
directions, and the total force. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 15 seconds and a sweep thickness of 90 pixels. The input voltage of the experiment is 30 V
with a frequency of 5 kHz. The illumination power is set to 1/2 of the full power.
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Computed DEP force on microbots using the EoM -
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Figure D.156: The calculated DEP force on the microbot over time. The separate lines denote the partial forces in x and y
directions, and the total force. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 15 seconds and a sweep thickness of 90 pixels. The input voltage of the experiment is 30 V
with a frequency of 5 kHz. The illumination power is set to 2/3 of the full power.
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Figure D.157: The calculated DEP force on the microbot over time. The separate lines denote the partial forces in x and y
directions, and the total force. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 15 seconds and a sweep thickness of 90 pixels. The input voltage of the experiment is 30 V
with a frequency of 5 kHz. The illumination power is set to 5/6 of the full power.
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Computed DEP force on microbots using the EoM -
T =15s, f = 5kHz, d = 4d, fr = 2.9fps
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Figure D.158: The calculated DEP force on the microbot over time. The separate lines denote the partial forces in x and y
directions, and the total force. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 15 seconds and a sweep thickness of 120 pixels. The input voltage of the experiment is 30
V with a frequency of 5 kHz.
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Figure D.159: The calculated DEP force on the microbot over time. The separate lines denote the partial forces in x and y
directions, and the total force. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 15 seconds and a sweep thickness of 30 pixels. The input voltage of the experiment is 30 V
with a frequency of 10 kHz.
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Computed DEP force on microbots using the EoM -
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Figure D.160: The calculated DEP force on the microbot over time. The separate lines denote the partial forces in x and y
directions, and the total force. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 15 seconds and a sweep thickness of 90 pixels. The input voltage of the experiment is 30 V
with a frequency of 10 kHz.
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Figure D.161: The calculated DEP force on the microbot over time. The separate lines denote the partial forces in x and y
directions, and the total force. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 15 seconds and a sweep thickness of 30 pixels. The input voltage of the experiment is 30 V
with a frequency of 13 kHz.
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Computed DEP force on microbots using the EoM -
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Figure D.162: The calculated DEP force on the microbot over time. The separate lines denote the partial forces in x and y
directions, and the total force. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 15 seconds and a sweep thickness of 30 pixels. The input voltage of the experiment is 30 V
with a frequency of 15 kHz.
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Figure D.163: The calculated DEP force on the microbot over time. The separate lines denote the partial forces in x and y
directions, and the total force. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 15 seconds and a sweep thickness of 90 pixels. The input voltage of the experiment is 30 V
with a frequency of 15 kHz.
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Figure D.164: The calculated DEP force on the microbot over time. The separate lines denote the partial forces in x and y
directions, and the total force. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 15 seconds and a sweep thickness of 30 pixels. The input voltage of the experiment is 30 V

with a frequency of 18 kHz.

D.3.2. DEP force on the microbot, compared to literature
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Figure D.165: A comparison of the forces on the microbot calculated using Stokes’s law and the conversion coefficient from
literature [8]. The relative difference is shown as a dashed orange line. When this dashed orange line is not present, it means
that the calculated force is 0 pN. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 3 seconds and a sweep thickness of 120 pixels. The input voltage of the experiment is 30 V

with a frequency of 1 kHz.



D.3. DEP force 281

Comparison of Forces -
T =5s, f=5kHz, d = 1d, fr = 3.27fps
180 T T

I
FFeom
F=F comersion

- = Relative Difference (%)

160 —

120 —

=100 - g

g 8
—190

3 5

()

€ 8ol £

a

60 —

20

Time (s)

Figure D.166: A comparison of the forces on the microbot calculated using Stokes’s law and the conversion coefficient from
literature [8]. The relative difference is shown as a dashed orange line. When this dashed orange line is not present, it means
that the calculated force is 0 pN. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 5 seconds and a sweep thickness of 30 pixels. The input voltage of the experiment is 30 V

with a frequency of 5 kHz.
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Figure D.167: A comparison of the forces on the microbot calculated using Stokes’s law and the conversion coefficient from
literature [8]. The relative difference is shown as a dashed orange line. When this dashed orange line is not present, it means
that the calculated force is 0 pN. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 7 seconds and a sweep thickness of 120 pixels. The input voltage of the experiment is 30 V

with a frequency of 1 kHz.
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Comparison of Forces -
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Figure D.168: A comparison of the forces on the microbot calculated using Stokes’s law and the conversion coefficient from
literature [8]. The relative difference is shown as a dashed orange line. When this dashed orange line is not present, it means
that the calculated force is 0 pN. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 7 seconds and a sweep thickness of 120 pixels. The input voltage of the experiment is 30 V

with a frequency of 2 kHz.
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Figure D.169: A comparison of the forces on the microbot calculated using Stokes’s law and the conversion coefficient from
literature [8]. The relative difference is shown as a dashed orange line. When this dashed orange line is not present, it means
that the calculated force is 0 pN. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 7 seconds and a sweep thickness of 120 pixels. The input voltage of the experiment is 30 V

with a frequency of 3 kHz.
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Figure D.170: A comparison of the forces on the microbot calculated using Stokes’s law and the conversion coefficient from
literature [8]. The relative difference is shown as a dashed orange line. When this dashed orange line is not present, it means
that the calculated force is 0 pN. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 7 seconds and a sweep thickness of 120 pixels. The input voltage of the experiment is 30 V
with a frequency of 4 kHz.
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Figure D.171: A comparison of the forces on the microbot calculated using Stokes’s law and the conversion coefficient from
literature [8]. The relative difference is shown as a dashed orange line. When this dashed orange line is not present, it means
that the calculated force is 0 pN. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 7 seconds and a sweep thickness of 120 pixels. The input voltage of the experiment is 30 V
with a frequency of 5 kHz.
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Figure D.172: A comparison of the forces on the microbot calculated using Stokes’s law and the conversion coefficient from
literature [8]. The relative difference is shown as a dashed orange line. When this dashed orange line is not present, it means
that the calculated force is 0 pN. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 7 seconds and a sweep thickness of 120 pixels. The input voltage of the experiment is 30 V
with a frequency of 6 kHz.
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Figure D.173: A comparison of the forces on the microbot calculated using Stokes’s law and the conversion coefficient from
literature [8]. The relative difference is shown as a dashed orange line. When this dashed orange line is not present, it means
that the calculated force is 0 pN. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 7 seconds and a sweep thickness of 120 pixels. The input voltage of the experiment is 30 V
with a frequency of 7 kHz.
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Figure D.174: A comparison of the forces on the microbot calculated using Stokes’s law and the conversion coefficient from
literature [8]. The relative difference is shown as a dashed orange line. When this dashed orange line is not present, it means
that the calculated force is 0 pN. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 7 seconds and a sweep thickness of 120 pixels. The input voltage of the experiment is 30 V
with a frequency of 8 kHz.
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Figure D.175: A comparison of the forces on the microbot calculated using Stokes’s law and the conversion coefficient from
literature [8]. The relative difference is shown as a dashed orange line. When this dashed orange line is not present, it means
that the calculated force is 0 pN. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 7 seconds and a sweep thickness of 120 pixels. The input voltage of the experiment is 30 V
with a frequency of 9 kHz.
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Figure D.176: A comparison of the forces on the microbot calculated using Stokes’s law and the conversion coefficient from
literature [8]. The relative difference is shown as a dashed orange line. When this dashed orange line is not present, it means
that the calculated force is 0 pN. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 7 seconds and a sweep thickness of 120 pixels. The input voltage of the experiment is 30 V
with a frequency of 10 kHz.
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Figure D.177: A comparison of the forces on the microbot calculated using Stokes’s law and the conversion coefficient from
literature [8]. The relative difference is shown as a dashed orange line. When this dashed orange line is not present, it means
that the calculated force is 0 pN. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 7 seconds and a sweep thickness of 120 pixels. The input voltage of the experiment is 30 V

with a frequency of 11 kHz.
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Figure D.178: A comparison of the forces on the microbot calculated using Stokes’s law and the conversion coefficient from
literature [8]. The relative difference is shown as a dashed orange line. When this dashed orange line is not present, it means
that the calculated force is 0 pN. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 7 seconds and a sweep thickness of 120 pixels. The input voltage of the experiment is 30 V
with a frequency of 12 kHz.
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Figure D.179: A comparison of the forces on the microbot calculated using Stokes’s law and the conversion coefficient from
literature [8]. The relative difference is shown as a dashed orange line. When this dashed orange line is not present, it means
that the calculated force is 0 pN. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 7 seconds and a sweep thickness of 120 pixels. The input voltage of the experiment is 30 V
with a frequency of 13 kHz.
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Figure D.180: A comparison of the forces on the microbot calculated using Stokes’s law and the conversion coefficient from
literature [8]. The relative difference is shown as a dashed orange line. When this dashed orange line is not present, it means
that the calculated force is 0 pN. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 7 seconds and a sweep thickness of 120 pixels. The input voltage of the experiment is 30 V
with a frequency of 14 kHz.
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Figure D.181: A comparison of the forces on the microbot calculated using Stokes’s law and the conversion coefficient from
literature [8]. The relative difference is shown as a dashed orange line. When this dashed orange line is not present, it means
that the calculated force is 0 pN. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 7 seconds and a sweep thickness of 120 pixels. The input voltage of the experiment is 30 V
with a frequency of 15 kHz.
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Figure D.182: A comparison of the forces on the microbot calculated using Stokes’s law and the conversion coefficient from
literature [8]. The relative difference is shown as a dashed orange line. When this dashed orange line is not present, it means
that the calculated force is 0 pN. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 7 seconds and a sweep thickness of 120 pixels. The input voltage of the experiment is 30 V
with a frequency of 16 kHz.
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Figure D.183: A comparison of the forces on the microbot calculated using Stokes’s law and the conversion coefficient from
literature [8]. The relative difference is shown as a dashed orange line. When this dashed orange line is not present, it means
that the calculated force is 0 pN. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 7 seconds and a sweep thickness of 120 pixels. The input voltage of the experiment is 30 V
with a frequency of 17 kHz.
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Figure D.184: A comparison of the forces on the microbot calculated using Stokes’s law and the conversion coefficient from
literature [8]. The relative difference is shown as a dashed orange line. When this dashed orange line is not present, it means
that the calculated force is 0 pN. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 7 seconds and a sweep thickness of 120 pixels. The input voltage of the experiment is 30 V
with a frequency of 18 kHz.
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Figure D.185: A comparison of the forces on the microbot calculated using Stokes’s law and the conversion coefficient from
literature [8]. The relative difference is shown as a dashed orange line. When this dashed orange line is not present, it means
that the calculated force is 0 pN. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 7 seconds and a sweep thickness of 120 pixels. The input voltage of the experiment is 30 V
with a frequency of 19 kHz.
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Figure D.187: A comparison of the forces on the microbot calculated using Stokes’s law and the conversion coefficient from

literature [8]. The relative difference is shown as a dashed orange line. When this dashed orange line is not present, it means
the DEP force had a sweep time of 7 seconds and a sweep thickness of 120 pixels. The input voltage of the experiment is 30 V

that the calculated force is 0 pN. The error bars denote the standard deviation of the measurement. The sweep used for creating
with a frequency of 50 kHz.
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Figure D.188: A comparison of the forces on the microbot calculated using Stokes’s law and the conversion coefficient from
literature [8]. The relative difference is shown as a dashed orange line. When this dashed orange line is not present, it means
that the calculated force is 0 pN. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 7 seconds and a sweep thickness of 120 pixels. The input voltage of the experiment is 30 V
with a frequency of 100 kHz.
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Figure D.189: A comparison of the forces on the microbot calculated using Stokes’s law and the conversion coefficient from
literature [8]. The relative difference is shown as a dashed orange line. When this dashed orange line is not present, it means
that the calculated force is 0 pN. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 15 seconds and a sweep thickness of 60 pixels. The input voltage of the experiment is 30 V
with a frequency of 1 kHz.
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Figure D.190: A comparison of the forces on the microbot calculated using Stokes’s law and the conversion coefficient from
literature [8]. The relative difference is shown as a dashed orange line. When this dashed orange line is not present, it means
that the calculated force is 0 pN. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 15 seconds and a sweep thickness of 90 pixels. The input voltage of the experiment is 30 V

with a frequency of 1 kHz.
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Figure D.191: A comparison of the forces on the microbot calculated using Stokes’s law and the conversion coefficient from
literature [8]. The relative difference is shown as a dashed orange line. When this dashed orange line is not present, it means
that the calculated force is 0 pN. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 15 seconds and a sweep thickness of 120 pixels. The input voltage of the experiment is 30

V with a frequency of 1 kHz.
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Figure D.192: A comparison of the forces on the microbot calculated using Stokes’s law and the conversion coefficient from
literature [8]. The relative difference is shown as a dashed orange line. When this dashed orange line is not present, it means
that the calculated force is 0 pN. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 15 seconds and a sweep thickness of 30 pixels. The input voltage of the experiment is 30 V
with a frequency of 5 kHz.
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Figure D.193: A comparison of the forces on the microbot calculated using Stokes’s law and the conversion coefficient from
literature [8]. The relative difference is shown as a dashed orange line. When this dashed orange line is not present, it means
that the calculated force is 0 pN. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 15 seconds and a sweep thickness of 60 pixels. The input voltage of the experiment is 30 V
with a frequency of 5 kHz.
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Figure D.194: A comparison of the forces on the microbot calculated using Stokes’s law and the conversion coefficient from
literature [8]. The relative difference is shown as a dashed orange line. When this dashed orange line is not present, it means
that the calculated force is 0 pN. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 15 seconds and a sweep thickness of 90 pixels. The input voltage of the experiment is 30 V

with a frequency of 5 kHz.
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Figure D.195: A comparison of the forces on the microbot calculated using Stokes’s law and the conversion coefficient from
literature [8]. The relative difference is shown as a dashed orange line. When this dashed orange line is not present, it means
that the calculated force is 0 pN. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 15 seconds and a sweep thickness of 90 pixels. The input voltage of the experiment is 30 V

with a frequency of 5 kHz. The illumination power used is 1/3 of the full power.
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Figure D.196: A comparison of the forces on the microbot calculated using Stokes’s law and the conversion coefficient from
literature [8]. The relative difference is shown as a dashed orange line. When this dashed orange line is not present, it means
that the calculated force is 0 pN. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 15 seconds and a sweep thickness of 90 pixels. The input voltage of the experiment is 30 V
with a frequency of 5 kHz. The illumination power used is 1/2 of the full power.
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Figure D.197: A comparison of the forces on the microbot calculated using Stokes’s law and the conversion coefficient from
literature [8]. The relative difference is shown as a dashed orange line. When this dashed orange line is not present, it means
that the calculated force is 0 pN. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 15 seconds and a sweep thickness of 90 pixels. The input voltage of the experiment is 30 V
with a frequency of 5 kHz. The illumination power used is 2/3 of the full power.
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Figure D.198: A comparison of the forces on the microbot calculated using Stokes’s law and the conversion coefficient from
literature [8]. The relative difference is shown as a dashed orange line. When this dashed orange line is not present, it means
that the calculated force is 0 pN. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 15 seconds and a sweep thickness of 90 pixels. The input voltage of the experiment is 30 V
with a frequency of 5 kHz. The illumination power used is 5/6 of the full power.

Comparison of Forces -
T =15s, f = 5kHz, d = 4d, fr = 2.9fps
T T

350 T
I F EoM
{ F Conversion

— = Relative Difference (%)

—79.49

300 [~
—79.48

|

79.47

|

79.46
200 [~

—179.45

Force (pN)
Difference (%)

—179.44

100 [~

1

79.43

79.42

—179.41

Time (s)

Figure D.199: A comparison of the forces on the microbot calculated using Stokes’s law and the conversion coefficient from
literature [8]. The relative difference is shown as a dashed orange line. When this dashed orange line is not present, it means
that the calculated force is 0 pN. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 15 seconds and a sweep thickness of 120 pixels. The input voltage of the experiment is 30
V with a frequency of 5 kHz.
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Figure D.200: A comparison of the forces on the microbot calculated using Stokes’s law and the conversion coefficient from
literature [8]. The relative difference is shown as a dashed orange line. When this dashed orange line is not present, it means
that the calculated force is 0 pN. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 15 seconds and a sweep thickness of 30 pixels. The input voltage of the experiment is 30 V
with a frequency of 10 kHz.
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Figure D.201: A comparison of the forces on the microbot calculated using Stokes’s law and the conversion coefficient from
literature [8]. The relative difference is shown as a dashed orange line. When this dashed orange line is not present, it means
that the calculated force is 0 pN. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 15 seconds and a sweep thickness of 90 pixels. The input voltage of the experiment is 30 V
with a frequency of 10 kHz.
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Figure D.202: A comparison of the forces on the microbot calculated using Stokes’s law and the conversion coefficient from
literature [8]. The relative difference is shown as a dashed orange line. When this dashed orange line is not present, it means
that the calculated force is 0 pN. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 15 seconds and a sweep thickness of 30 pixels. The input voltage of the experiment is 30 V
with a frequency of 13 kHz.
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Figure D.203: A comparison of the forces on the microbot calculated using Stokes’s law and the conversion coefficient from
literature [8]. The relative difference is shown as a dashed orange line. When this dashed orange line is not present, it means
that the calculated force is 0 pN. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 15 seconds and a sweep thickness of 30 pixels. The input voltage of the experiment is 30 V
with a frequency of 15 kHz.
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Figure D.204: A comparison of the forces on the microbot calculated using Stokes’s law and the conversion coefficient from
literature [8]. The relative difference is shown as a dashed orange line. When this dashed orange line is not present, it means
that the calculated force is 0 pN. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 15 seconds and a sweep thickness of 90 pixels. The input voltage of the experiment is 30 V
with a frequency of 15 kHz.
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Figure D.205: A comparison of the forces on the microbot calculated using Stokes’s law and the conversion coefficient from
literature [8]. The relative difference is shown as a dashed orange line. When this dashed orange line is not present, it means
that the calculated force is 0 pN. The error bars denote the standard deviation of the measurement. The sweep used for creating
the DEP force had a sweep time of 15 seconds and a sweep thickness of 30 pixels. The input voltage of the experiment is 30 V
with a frequency of 18 kHz.
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D.4. Electrolysis

Limit of Vpp Before Electrolysis in Deionized Water
[ 2v [ 1o0v 20V 35V

Chip 1

Upper limit | N.A. | 10 MHz | 10 MHz 10 MHz

Lower limit | N.A. N.A. 10 Hz 100 Hz
Chip 2

Upper limit | N.A. | 10 MHz | 10 MHz 100 kHz

Lower limit | N.A. N.A. N.A. 100 Hz
Chip 3

Upper limit | N.A. | 10 MHz | 1 MHz 1 MHz

Lower limit | N.A. N.A. N.A. 100 Hz

Table D.1: Limits of the applied electrical signal frequency before electrolysis occurs for different chips in deionized water at
varying voltage levels.

Limit of Vpp Before Electrolysis in Deionized Water + 0.05% Tween-20
| 2v | 10v | 20V 35V

Chip 1

Upper limit | N.A. | 10 MHz | 10 MHz 1 MHz

Lower limit | N.A. | 10Hz | 100 Hz 100 Hz
Chip 2

Upper limit | N.A. | 10 MHz | 1 MHz 1 MHz

Lower limit | N.A. N.A. 10 Hz 100 Hz
Chip 3

Upper limit | N.A. | 10 MHz | 10 MHz 1 MHz

Lower limit | N.A. N.A. 10 Hz 100 Hz

Table D.2: Limits of the applied electrical signal frequency before electrolysis occurs for different chips in deionized water with
0.05% Tween-20 at varying voltage levels.

Limit of Vpp Before Electrolysis in Deionized Water + 5% Tween-20
| 2v [ 10v | 20V 35V

Chip 1

Upper limit | N.A. | 10 MHz | 10 MHz 1 MHz

Lower limit | N.A. | 10 Hz 10 Hz 1 kHz
Chip 2

Upper limit | N.A. | 10 MHz | 10 MHz 1 MHz

Lower limit | N.A. | 10 Hz 10 Hz 100 Hz
Chip 3

Upper limit | N.A. | 10 MHz | 10 MHz 1 MHz

Lower limit | N.A. N.A. 10 Hz 10 Hz

Table D.3: Limits of the applied electrical signal frequency before electrolysis occurs for different chips in deionized water with
5% Tween-20 at varying voltage levels.
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