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Progress in science depends on new techniques, new discoveries, and new
ideas, probably in that order.
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Sammanfattning

Upp nnandet av mikroskopet i slutet av 1500-talet avsldjade en tidigare dold
mikroskopisk vérld och gjorde det mojligt att direkt observera strukturer
och organismer bortom gransen for manniskans synformaga. Sedan dess
har betydelsen av denna varld for ménniskors héalsa, materialvetenskap och
avancerad teknik drivit utvecklingen av alltmer so stikerade analysmetoder.
Av dessa har optiska pincetter blivit ett centralt verktyg. De anvander lasrar
for att manipulera och understka objekt med hdg precision, vilket moéjliggor
studier av enskilda molekyler, celler och partiklar.

De senaste aren har intresset for arti ciell intelligens (Al) driven av
maskininlarning okat kraftigt och anvands nu brett inom forskning. | ar-
tikel 1 undersoker vi hur dessa metoder kombinerats med optiska pincetter
och hur denna kombination kan komma att utvecklas samt ger riktlinjer
for hur de kan anvandas. Artikel Il presenterar en optisk pincett som kan
utféra experiment helt autonomt. For detta har sarskild elektronik, mjuk-
vara och automationsalgoritmer utvecklats. Med detta system genomférde
vi fyra representativa experiment och kunde darigenom visa bade reproduc-
erbarhet och méjligheten till helt automatiserad drift. | artikel 11l anvandes
den optiska pincetten for att studera adsorption och desorption av partiklar
vid gréansytan mellan tva véatskor, vilket avslojade tidigare okand dynamik.
Slutligen behandlar artikel IV utmaningarna med kalibrering under icke ide-
ala forhallanden, speci kt fallen med lag samplingsfrekvens och langa inte-
grationstider. Vidare presenterar vi ett ramverk for att hantera i matningar
under saddana forhallanden.

Tillsammans introducerar dessa arbeten era nya tekniker for optiska
pincetter, frAn kolloidstudier till automation och kalibrering. Sarskilt au-
tomationen kommer att vara viktigt for utvecklingen av optiska pincetter
genom att knyta samman matningar av enstaka molekyler med ensem-
blemétningar. Detta kan mdjliggéra anvandningen av Al for modellering
och anvandandet av optiska pincetter for storskaliga datadrivna studier.






Abstract

The invention of the microscope in the late 16th century revealed a hid-
den microscopic world, allowing direct observation of structures and or-
ganisms beyond the limit of human vision. Since then, the importance of
this world for human health, materials science, and advanced technology
has driven the development of increasingly sophisticated analysis methods.
Among these, optical tweezers have become a central tool, using lasers to
manipulate and probe objects with exceptional precision enabling single-
molecule, single-cell, and single-particle studies.

Recent years have seen explosive growth in the use of arti cial intelli-
gence (Al), particularly machine learning, across research. In Paper I, we
examine how these methods are used in optical tweezers and the likely tra-
jectory of their integration and give some guidelines. Paper Il presents an
optical tweezers system with custom electronics, rmware, user interface
which together makes the instrument capable of performing experiments
fully autonomously. Using this system, we performed four representative
experiments, demonstrating both reproducibility and variety of autonomous
experiments. In Paper lll, the system was applied to probe particle adsorp-
tion and desorption at liquid liquid interfaces, revealing previously unseen
dynamics of these processes. Finally, Paper IV addresses the challenge of
force calibration under non-ideal conditions, in particular low sampling rates
and long integration times, and proposes a framework to handle these chal-
lenges.

Together, these works introduce several new techniques for optical tweez-
ers, spanning colloidal studies, automation, and trajectory analysis. Au-
tomation in particular will be crucial for the future of optical tweezers by
bridging the gap between single-molecule, cell or particle studies and ensem-
ble measurements, enabling the application of deep learning for advanced
modeling and unlocking the potential of optical tweezers for large, data-
driven studies.



This thesis is based on the work contained in the following scientic
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My contributions

Paper | - Deep learning for optical tweezers

Antonio, David and | together came up with the idea for the paper
and created the outline of it deciding on what gures to include and how
to present these. We all contributed to nding references and in writing
and re ning the paper. | made my biggest contribution in the writing of the
guidelines, where my practical experience with automation proved especially
valuable.

Paper Il - SmartTrap: Automated Precision Experiments with
Optical Tweezers

The SmartTrap paper represents the main work of this thesis. This was
initially intended to be (at least) two papers, one describing the updated sys-
tem and another one describing how this was used to perform DNA pulling
experiments autonomously. However, we came to the conclusion that it
would likely have a greater impact as a single paper and added three more
autonomous experiments, beyond DNA pulling.

| was in charge of most of the di erent parts of the project, but | re-
ceived valuable help from the many co-authors along the way. | assembled
and tested the instrument, using the old electronics to control it, together
with Giuseppe Pesce and Antonio Ciarlo. Throughout, | also made mi-
nor changes to the optics and mechanical design to correct for errors by
the mechanics workshop and implement improved usability (e.g. motorized
the movement of the objective and updated illumination). | also designed
the electronics controller, going through more than a dozen revisions of
the various circuit boards, Lars Bengtsson taught me how to design circuit
boards and how to interface di erent components (analog-digital-converters,
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digital-analog-converters, servomotors, etc.). He also helped me in nding
errors in early designs. | wrote all the software, including the rmware for
the controller, the complete graphical user interface (GUI), communication
protocols, and the automation algorithms. Furthermore I, or rather the in-
strument | had programmed, conducted the experiments on samples | had
prepared. Isabelle Pastor in Felix Ritorts group, and Vinoth were instru-
mental in teaching me how to perform experiments manually. This included
preparing DNA particles and performing experiments. Steven B Smith pro-
vided guidance on how to assemble the instrument and provided the DNA
used in the nal experiments. Carlos, Giovanni, and Joan played a key role
in structuring the manuscript and in deciding how to present the results.
Lastly, | was also in charge of writing the draft for the paper and prepar-
ing gures, including making a full 3D model of the system in Blender for
visualization purposes.

Paper Ill - Dynamics of core-shell particles absorbing and desorp-
tion into liquid-liquid interfaces

In this project, | was responsible for the optical tweezers experiments.
This included conducting the measurements and designing the experimental
protocols. | optimized the micro uidic chamber design to increase the like-
lihood of forming oil bubbles within the desired size range (approximately
10 20um in diameter). Additionally, |1 developed custom procedures to ap-
proach oil bubbles in a controlled manner and to carry out particle particle
interaction measurements.

| also handled the data analysis, which involved particle tracking to
reconstruct adsorption trajectories and identifying the precise points of ad-
sorption. | prepared the gures for the manuscript and wrote the majority
of the initial full draft, excluding the sections on simulations and parti-
cle synthesis methods. Along the way | received very valuable input from
Maret on the introduction and feedback on the overall draft and Marcel was
instrumental in re ning the manuscript.

Paper IV: Optimal calibration of optical tweezers with arbitrary
integration time and sampling frequencies: a general framework

In this project my biggest contribution was in helping to identify the
problem of optical tweezers calibration with long integration times. | had
been doing experiments on the correlation of the movement particles op-
tically trapped in holographic tweezers in which | could not use powerful
illumination and noticed that the particles were moving less than expected



in the trap (it appeared sti er than expected). When discussing the issues
with these experiments we realized that this problem was largely unexplored.

| also did some of the early literature research to verify that this issue had
not been addressed on a theoretical level previously, as well as some of the
early experiments. Lastly, | assisted in nalizing the manuscript.

Papers not included in this PhD Thesis

Paper V: In uence of sensorial delay on clustering and swarming
Rafal Piwowarczyk, Martin Selin , Thomas lhle, and Giovanni Volpe
Physical Review E 100.1 (2019): 012607.






Chapter 1

Optical Tweezers

1.1 Introduction

For dealing with objects in everyday life, we humans have wonderful and
versatile tools in the form of our hands [1,2]. With them, we can pick up
and manipulate nearly everything we use day to day. However, for very
small (or very large objects which are not relevant for my thesis) objects,
di erent tools are required. In particular, for objects in the micron size
range and below, mechanical manipulation is extremely di cult. Such small
things may stick to the actuator, break under slight force, or evade capture
altogether. Yet, as Richard Feynman famously put it in his now legendary
lecture There is Plenty of Room at the Bottom, there is great value in
understanding and controlling the microscopic world: "It is a staggeringly
small world that is below... and there is no question that there is enough
room on the head of a pin to put all of the Encyclopaedia Britannica."
Despite the challenges, exploring this realm is essential for understanding
nature. This is especially true in biophysics, where the micro and nanoscales
are the domains of cells, biomolecules, the machinery of life itself [3, 4].
This is where optical tweezers come in, o ering a non-contact way to
manipulate and study objects at the micro and nanoscales [5]. In the most
general terms, an optical tweezers is a focused laser beam used to manipulate
objects. However, with them you can not only manipulate objects but also
measure forces and torques. This has given optical tweezers a wide range
of di erent applications from colloidal chemistry and statistical physics to
single-molecule studies and cell sorting [6, 7]. Optical tweezers have proved
particularly useful in molecular biology, helping to uncover processes such
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10 CHAPTER 1. OPTICAL TWEEZERS

as the dynamics of DNA and protein folding as well as the actions of motor
proteins [8,9]. Their many applications to biological systems are why Arthur
Ashkin was awarded the Nobel prize in 2018 [10].

The use of optical tweezers can be broadly split into di erent trapping
regimes based on the size of objects the objects being trapped and whether
trapping is in viscous and non-viscous media [6]. In terms of size ranges, one
often discusses three di erent ones depending on the size of the trapped ob-
ject relative to the wavelength; these are when the particle is much smaller
than the wavelength, about the same size, and much larger than the wave-
length. The media can be broadly divided into trapping in air(or vacuum)
and viscous media e.g. water.

The focus of this thesis is on trapping in viscous media of particles sig-
ni cantly larger than the wavelength of the trapping laser. In this regime,
known as the ray optics regime, it is relatively easy to achieve stable trap-
ping. As discussed in chapter 2, there are many applications within biology
and colloidal sciences, not least the aforementioned single-molecule studies
which are performed in this regime. This is why it is perhaps the most
widely used and studied regime. Still, also when working with large parti-
cles in viscous media there are several experimental challenges that need to
be overcome. One often needs careful control of the optical trap and high
precision position tracking, and, on top of this, additional measurements are
often coupled to the tweezers, such as uorescence.

This contributes to making many optical tweezers experiments highly
labor intensive. Not only do you, as operator, need to prepare your samples
carefully, but you also need to operate the tweezers itself. Trap particles,
move them, and execute advanced measurement protocols. This greatly
limits throughput and has limited optical tweezers to applications in re-
search. This may be starting to change with the advent of deep learning in
optical tweezers as presented in Paper | and the introduction of advanced
automation methods for various experiments presented in Paper Il. The
applications of optical tweezers are broad, and as we see in Paper Il ap-
plying the methods to new areas can yield unexpected new insights. Still,
some challenges remain. However, as research progresses, more and more
problems are solved and new ones appear, the particular problem of long
integration times was tackled systematically in Paper IV and now accurate
force calibration is straightforward also in these challenging conditions.
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1.2 The principles of optical trapping

The idea that light can exert force goes back to Johannes Kepler who in
1619 noted that the tails of comets always point away from the sun. Later,
with the help of Maxwell and Poynting, we got a physical explanation to
the phenomenon of radiation pressure [11,12]. However, it was not until the
invention of lasers that we started to see widespread application of light as
a direct source of forces. Central to this development, and that of optical
tweezers, was Arthur Ashkin. The experiments he conducted in the early
1970s demonstrated that light can be used to push and trap colloidal par-
ticles against a surface [13]. Later he showed that by focusing the laser in
the sample it is possible to also trap particles in 3D and the rst optical
tweezers was created [14].

In its simplest form, an optical tweezers is constructed by focusing a
laser beam through a microscope objective into a liquid sample, creating a
tightly focused optical trap [5,14]. The fundamental principle behind optical
trapping in the ray optics regime is that light carries momentum, which
can exert mechanical forces on microscopic objects when the momentum of
the light changes due to interaction with these objects through refraction,
re ection, or scattering [15].

Objects located near the focus of the laser beam experience optical forces,
predominantly what is called the scattering force,Fs, and the gradient force,
Fy. The scattering force results primarily from photons scattered by the
trapped object. It is directed along the propagation axis of the laser beam,
generally pushing the particle away from the focus and potentially prevent-
ing stable trapping [16].

The gradient force, on the other hand, is generated by changes in the laser
beam's momentum due to refraction at the interface between the trapped
particle and the surrounding medium. There are two primary scattering
events for the laser beam as it passes through the trapped particle, one when
entering and one when exiting, as illustrated by the beams in g. 1.1. For a
focused beam, these will de ect lasers in a direction opposite to the particle's
displacement relative to the laser focus. By momentum conservation, the
particle experiences an equal but opposite change in momentum, causing it
to be pushed towards the laser focus.

For an optical trap to be stable, the gradient force must exceed the
scattering force. For a standard optical trap, this requires that the refractive
index of the particle is greater than that of the surrounding medium [6, 14].
However, using beam-shaping, this requirement can be relaxed [6]. Other
optical forces, such as spin-curl forces arising from light polarization and
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angular momentum, also exist, but are negligible in most optical trapping
scenarios [6]. Besides these optical forces, there are also Brownian forces
due to uid molecules hitting the trapped particle and viscous forces caused
by uid ows.

Figure 1.1: Optically trapped particles and optical forces. a In a
neutral position the scattering and gradient forces,Fs and Fy are equal but
in opposite directions. The net force from the trap on the particle is then,
Fn = Fs + Fg, from the trap on the particle is 0. b When the particle is
displaced in a lateral direction F, will be directed towards the trap center.
¢ Vertical displacement along the propagation axis will a ect how much
the laser diverge after passing through the trapped particle also creating a
restoring force aimed towards the trap center.

In a rst approximation, the optical potential experienced by a trapped
spherical particle is harmonic, which makes the optical force linear with
the displacement. This means that there is a proportionality constant K
relating the displacement x to the force F:

F K x (1.1)

The proportionality constant K is referred to as the trap stiness and it
may di er along the di erent axes. K is particle dependent; in general, a
larger refractive index di erence between the particle and its surrounding
medium results in greater sti ness, while smaller particles also yield higher
sti ness [6]. The linear approximation of eq. (1.1) holds well for small devi-
ations from the optical trap center. The process of nding the optical trap
sti ness is the subject of calibration discussed in section 1.4.
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1.3 Optical tweezers instruments

Today, there are many variations of optical tweezers instruments tailored to

di erent applications and they are often constructed by the laboratory that
uses them. Despite the diversity, optical tweezers share key components,
most notably a laser and a high numerical aperture focusing objective [5,16].
The laser is sent through the back aperture of the objective to create a tight
focus. Because optical tweezers share many components with conventional
microscopes, tweezers setups are commonly adapted directly from micro-
scope platforms. A simple optical tweezers design is shown in g. 1.2. This
basic design can be seen as a blueprint upon which more sophisticated setups
are built, adding additional functionality.

Figure 1.2: A typical optical tweezers system. A laser beam (red) is
expanded using two lenses and then sent into the optical path of a micro-
scope from the bottom using a dichroic mirror. The objective focuses the
beam inside the sample as shown in the inset. After passing through the
sample the laser is again collimated by the top objective and then focused
onto a photodetector (often a quadrant photodiode, QPD), which is used to
monitor the movement of the trapping laser caused by the trapped object.
Imaging of the sample is done using standard bright eld con guration (blue
beam).
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