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Sammanfattning

Uppfinnandet av mikroskopet i slutet av 1500-talet avsléjade en tidigare dold
mikroskopisk vérld och gjorde det mojligt att direkt observera strukturer
och organismer bortom griansen for ménniskans synférméaga. Sedan dess
har betydelsen av denna vérld féor ménniskors hélsa, materialvetenskap och
avancerad teknik drivit utvecklingen av alltmer sofistikerade analysmetoder.
Av dessa har optiska pincetter blivit ett centralt verktyg. De anvinder lasrar
fér att manipulera och undersoka objekt med hég precision, vilket mojliggor
studier av enskilda molekyler, celler och partiklar.

De senaste aren har intresset for artificiell intelligens (AI) driven av
maskininlarning okat kraftigt och anvinds nu brett inom forskning. I ar-
tikel I undersoker vi hur dessa metoder kombinerats med optiska pincetter
och hur denna kombination kan komma att utvecklas samt ger riktlinjer
for hur de kan anviandas. Artikel II presenterar en optisk pincett som kan
utfora experiment helt autonomt. For detta har sirskild elektronik, mjuk-
vara och automationsalgoritmer utvecklats. Med detta system genomforde
vi fyra representativa experiment och kunde dérigenom visa bade reproduc-
erbarhet och mojligheten till helt automatiserad drift. I artikel IIT anvindes
den optiska pincetten for att studera adsorption och desorption av partiklar
vid grénsytan mellan tva vitskor, vilket avslojade tidigare okdnd dynamik.
Slutligen behandlar artikel IV utmaningarna med kalibrering under icke ide-
ala forhallanden, specifikt fallen med lag samplingsfrekvens och langa inte-
grationstider. Vidare presenterar vi ett ramverk for att hantera i métningar
under sadana férhallanden.

Tillsammans introducerar dessa arbeten flera 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 métningar av enstaka molekyler med ensem-
blemétningar. Detta kan mdéjliggora anviandningen av Al for modellering
och anvindandet 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 artificial 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 II presents an
optical tweezers system with custom electronics, firmware, 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 III, 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 scientific
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My contributions

Paper I - Deep learning for optical tweezers

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

Paper II - 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.

I was in charge of most of the different parts of the project, but I re-
ceived valuable help from the many co-authors along the way. I assembled
and tested the instrument, using the old electronics to control it, together
with Giuseppe Pesce and Antonio Ciarlo. Throughout, I 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). I 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 different components (analog-digital-converters,



digital-analog-converters, servomotors, etc.). He also helped me in finding
errors in early designs. I wrote all the software, including the firmware for
the controller, the complete graphical user interface (GUI), communication
protocols, and the automation algorithms. Furthermore I, or rather the in-
strument I had programmed, conducted the experiments on samples I 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 final experiments. Carlos, Giovanni, and Joan played a key role
in structuring the manuscript and in deciding how to present the results.
Lastly, I was also in charge of writing the draft for the paper and prepar-
ing figures, including making a full 3D model of the system in Blender for
visualization purposes.

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

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

I also handled the data analysis, which involved particle tracking to
reconstruct adsorption trajectories and identifying the precise points of ad-
sorption. I prepared the figures 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 I received very valuable input from
Maret on the introduction and feedback on the overall draft and Marcel was
instrumental in refining 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. I had
been doing experiments on the correlation of the movement particles op-
tically trapped in holographic tweezers in which I could not use powerful
illumination and noticed that the particles were moving less than expected



in the trap (it appeared stiffer than expected). When discussing the issues
with these experiments we realized that this problem was largely unexplored.
I 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, I assisted in finalizing the manuscript.

Papers not included in this PhD Thesis

Paper V: Influence of sensorial delay on clustering and swarming
Rafal Piwowarczyk, Martin Selin, Thomas Ihle, 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,
different tools are required. In particular, for objects in the micron size
range and below, mechanical manipulation is extremely difficult. 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, offering 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 different 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

9



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 different 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 different 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-
nificantly 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 fluorescence.

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 I and the introduction of advanced
automation methods for various experiments presented in Paper II. The
applications of optical tweezers are broad, and as we see in Paper III 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 first 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,
reflection, or scattering [15].

Objects located near the focus of the laser beam experience optical forces,
predominantly what is called the scattering force, F, and the gradient force,
F,. 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 fig. 1.1. For a
focused beam, these will deflect 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



12 CHAPTER 1. OPTICAL TWEEZERS

angular momentum, also exist, but are negligible in most optical trapping
scenarios [6]. Besides these optical forces, there are also Brownian forces
due to fluid molecules hitting the trapped particle and viscous forces caused
by fluid flows.

Neutral position Lateral displacement Vertical displacement

Figure 1.1: Optically trapped particles and optical forces. a In a
neutral position the scattering and gradient forces, F; and Fy are equal but
in opposite directions. The net force from the trap on the particle is then,
F, = 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.
c Vertical displacement along the propagation axis will affect how much
the laser diverge after passing through the trapped particle also creating a
restoring force aimed towards the trap center.

In a first 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 Az to the force F":

Fr~-KAzx (1.1)

The proportionality constant K is referred to as the trap stiffness and it
may differ along the different axes. K is particle dependent; in general, a
larger refractive index difference between the particle and its surrounding
medium results in greater stiffness, while smaller particles also yield higher
stiffness [6]. The linear approximation of eq. (1.1) holds well for small devi-
ations from the optical trap center. The process of finding the optical trap
stiffness 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
different 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 fig. 1.2. This
basic design can be seen as a blueprint upon which more sophisticated setups
are built, adding additional functionality.

LED
O!
Position detector
Objectives
Laser
LI k-t
Camera

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 brightfield configuration (blue
beam).
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To achieve a stable optical trap, precise beam shaping is essential before
the laser enters the objective. In a standard single-trap configuration, this
typically involves expanding and collimating the laser beam to overfill the
back aperture of the objective. Overfilling ensures that the peripheral rays
of the laser contribute to the tight focal spot necessary for efficient trap-
ping. Using a counterpropagating configuration, the overfilling condition
may be relaxed as discussed in Section 3.2. This beam expansion is com-
monly achieved using a telescope configuration consisting of two lenses, as
depicted in fig. 1.2 [5]. Advanced beam shaping methods, such as spatial
light modulators or adaptive optics, can also be used to overcome specific
challenges or to enhance trap stiffness in challenging situations [6,17].

Lasers used in optical tweezers are typically continuous wave (CW) and
operate in the near-infrared region, with a wavelength of 1064 nm being
particularly common [5,16]. This choice is practical because such lasers are
widely available and heating effects are limited in water (the most common
trapping media) and for both polystyrene and silica particles because of low
adsorption. Selecting the appropriate wavelength is crucial to reduce heating
and prevent photodamage to trapped samples. Given the high intensities
at the trap center, even moderate laser powers (e.g. 100 mW) can produce
intensities exceeding 10*'W/m?, which can be compared to the ca 103W/m?
which the sun generates on a bright day, it is not surprising that it can harm
biological samples or sensitive molecules [18].

Assuming the purpose of the tweezers is not only to position trapped
objects, but also to study their dynamics, one needs to be able to track
their motion at high sampling rates. A fast camera can suffice and is a
simple solution since it can be used to track objects in the trap, and thus
directly observe their movement. However, sufficiently fast cameras can be
expensive and require relatively advanced analysis of the data obtained in
the form of object tracking as well as powerful illumination. Therefore, most
often one also adds a detector for the laser in the back focal plane, see fig. 1.2.
This detector is usually a quadrant photodiode (QPD) or a position sensitive
detector (PSD). These two types of detectors measure both the intensity,
and the position, of light focused on them. Though their main functionality
is the same, their construction differs a bit. A QPD is constructed from four
photodiodes close together, and the position of the laser is calculated from
the relative intensity of the different photodiodes. A PSD by contrast uses
a PIN diode and measures four different photocurrents (two if it is a 1D
PSD). Even though the performance of QPDs and PSDs is similar, a PSD
is sometimes preferred since it is less sensitive to the size of the beam [19].

In terms of imaging, optical tweezers can integrate most common mi-
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croscopy modalities. Brightfield imaging is commonly employed as it is both
versatile and easy to integrate, as shown in fig. 1.2. High numerical aperture
objectives in tweezers systems enable the incorporation of advanced imaging
methods, including single-molecule fluorescence microscopy [16].

There are also several practical considerations that are rarely mentioned
in scientific papers, but are essential to making a tweezers experiment work.
Not least sample design, preparation, and manipulation. Problems with
sample preparation can easily become costly in terms of research time. Ei-
ther particles get stuck on surfaces or the sample starts leaking, causing
unwanted flows. Typically, one also needs to be able to move the sample to
position the optical trap on the object to be trapped. Manual handling is
generally too imprecise; instead, samples are most often manipulated using
manual or motorized micrometer translation stages, which provide superior
accuracy and stability.

1.3.1 Expanding the capabilities of optical tweezers

Optical tweezers setups frequently incorporate additional functionalities to
enhance performance or widen the range of applications. Common upgrades
include precise steering of the trapping laser beam, high-accuracy control of
the sample stage, and implementation of multiple optical traps that can
simultaneously manipulate several particles [6,20].

One of the most common extensions of standard optical tweezers is to
include beam steering, the ability to precisely and dynamically control the
laser position. This enables the accurate positioning of particles as well as
the measurement of force as a function of distance, essential for instance in
single-molecule applications, see section 2.1. Beam steering can be imple-
mented in multiple different ways. The simplest is to use optical components
such as movable mirrors, or the wiggler system employed in the MiniTweez-
ers system as described in section 3.2, that translate the laser in the sample.
These methods offer good control. However, since mechanical components
are moved, their feedback speed is somewhat limited.

A common use of optical tweezers is to investigate how particles inter-
act, or, as in the case of single-molecule experiments, tether two particles
together with a molecule [8]. Such applications require multiple particles,
and one attractive way to achieve this is to use multiple optical traps. There
are many methods for generating multiple traps in an optical tweezers [21],
the conceptually simplest of which is to add another laser. However, since
lasers and optics to collimate them and combine beams are expensive and
complicated, it is common to instead split a single laser into multiple differ-
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ent traps. Again, there are many different ways of doing this, one can for
instance use a simple beam-splitter and split by polarization and then move
the beams individually. However, independent control of all the different
beams is sometimes desired. A good option can then be an acousto-optic
deflector (AOD) which acts by quickly moving the trapping beam along a
single axis. The update frequency is generally a few MHz, much faster than
the trapping dynamics, and thus by moving the optical trap very rapidly
a single laser is used to create several movable traps [22]. This has the
additional advantage that there is no risk that the different traps interfere
since they are temporally independent. Furthermore, because they follow
the same optical path, one can also achieve great stability with them [23].

The perhaps most versatile method for creating multiple optical traps
is achieved with holographic optical tweezers [20,24]. These use a Spatial
Light Modulator (SLM) to create multiple traps. An SLM works similarly
to a computer screen, but instead of the pixels of the screen displaying
different colors, they either change the phase or the intensity of the light
hitting it. This is used in optical tweezers to create steerable optical traps
by sculpting the wavefront of the laser so that it creates multiple focal
points in the sample. This gives an unprecedented flexibility by being able
to create several traps which can be moved freely and with high precision
in 3D. However, it comes with the drawback of significantly reduced laser
power. Furthermore, the algorithms used for creating the holograms are
computationally quite demanding, especially when creating multiple traps.
The SLM units are also often expensive and update frequencies rarely exceed
100 Hz and they require additional optical components (primarily lenses and
mirrors) which increase the complexity of assembly and alignment.

One can also extend optical tweezers by adding functionality beyond that
of trapping. Integrating advanced imaging or sensing techniques further ex-
pands the versatility of optical tweezers systems. Notably, fluorescence mi-
croscopy, Raman spectroscopy, and interferometric detection methods have
been successfully combined with optical traps to simultaneously manipulate
and probe single-molecules, cells, or particles [16,25]. Another addition,
which is often of interest, is temperature control. Temperature affects bi-
ological, physical and chemical processes. For instance, measurements of
critical Casimir forces is a prime example of an application that requires
accurate temperature control [26]. In our lab, we integrated temperature
control by insulating the environment around the sample with plastic foam
and using a thermoelectric element attached to the objective for accurate
temperature control.
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1.4 Calibration of optical tweezers

The goal of many optical tweezers experiments is to relate quantities such
as forces, energies, and positions to various physical phenomena, e.g. for
quantifying critical Casimir forces or the energy required to unfold a protein.
However, the signals from an optical tweezers usually come from either a
quadrant photodiode or from a position sensitive detector, which monitors
how the trapped particle affects the trapping laser. These detectors will
output an electrical signal, not a force or position. The signal therefore
needs to be converted into either a position of the trapped particle or the
force acting on it (often both are needed). Calibration refers to the process of
finding a mapping from sensor readings to particle position, and by extension
also the force from the trap acting on the trapped particle. In cases when a
camera is used to study particle motion, the output is instead a position in
pixels and the translation to position is straightforward, one simply needs to
measure the pixel size which can be done with a micrometer ruler, but there
is still often a need to convert displacement from the equilibrium position in
the trap to a force. This still requires calibration (determining the stiffness
in eq. (1.1)).

There are several calibration methods, such as the Stokes drag method,
power spectral density, potential analysis, and FORMA [6,27]. The method
that is most suitable depends on the trapping configuration and the sensor
capabilities. In this section the Stokes drag method, which is used to cali-
brate the system used in papers II and III, is described and the generalized
version of FORMA, introduced in Paper IV, is outlined.

1.4.1 Stokes drag

One of the most straightforward methods for calibrating an optical tweezers
is the Stokes drag method [6]. It is also the method used to calibrate the
SmartTrap system used in papers IT and III.

As the name suggests, this method utilizes Stokes’ law that relates the
viscous force, F;,, acting on an object with hydrodynamic radius, R, to the
fluid velocity ¢ and viscosity n [28].

F, = —6mnR¥ (1.2)
By trapping a particle and moving the trap at a known velocity through

the sample, one can relate the particle deflection, or QPD/PSD reading, to
the viscous force. By setting the viscous force equal to the force from the



18 CHAPTER 1. OPTICAL TWEEZERS

optical tweezers we get.

ﬁo = Fi) (13)
Importantly, there is also Brownian motion, which is why there can be short-
term deviations, but eq. (1.3) holds in average.

The Stokes drag method can be used for calibration when both the par-
ticle sizes and the medium viscosity are well known during calibration. In
practice, it is most often used when the instrument is used for direct force
measurements through measurement of the momentum change of light. This
is because when measuring the momentum change the force is always lin-
early proportional to the laser deflection (multiplied with the power which is
also measured) and therefore only a single force and a single sensor reading
are needed for calibration. In most single beam optical traps it is not possi-
ble to collect enough of the trapping light scattered by the trapped object to
get an accurate estimate of the momentum change of the laser. Therefore,
other calibration methods, such as potential analysis, are employed.

When performing a calibration using the Stokes drag method, multiple
different particles are often used, and they are moved along all the move-
ment axis of the instrument to account for variations in particle size and
in sensitivity of the sensor/electronics. Furthermore, since experiments are
performed in a microfluidics chamber with finite depth, the walls of the
chamber will affect the force slightly. One can compensate for this by using
the first-order correction from [29] which accounts for the thickness of the
sample cell by multiplying the force with a factor % where d is the distance
to the wall and r the particle radii. If there is more than one wall nearby,
the correction is applied multiple times.

Usage in the MiniTweezers system

The Stokes drag method is used to calibrate the MiniTweezers system, as
it uses direct force measurement and has a motorized sample stage which
allows for easy generation of drag forces. The system needs six different
calibration factors. One for each axis of each laser. The trapped particle
is moved back and forth at between different positions and along the three
main axes (x,y and z) thereby creating the Stokes drag. Moving along the
x-axis, we get the following relation

Fyp = a3 PSDay + B PSDyg (1.4)

Where PSD,, is the reading of PSD force detector a in the x-direction
and «a, the corresponding sensitivity coefficient. PSD,, and (3, are the
corresponding values for laser b. The force along y is calculated analogously.



1.4. CALIBRATION OF OPTICAL TWEEZERS 19

However, the force along the axial direction is calculated slightly differ-
ently because it is directed along the propagation axis of the lasers. For this
axis, we get the force as

I, I,
Ezz: z o z o z 1
au gt 4 Bag +0 (1.5)

Where I, is the iris reading and S, is the sum (e.g. power) reading
of laser a. Again, a, and [, are calibration factors. The constant O,
compensates for the zero offset of the readings.

There will be slight differences in the different coefficients due to varia-
tions in the sensitivity of the different PSDs, the electronics (e.g. amplifiers,
connectors, and resistors), and optical path. Nonetheless, coefficients tend
to be the same within a couple of percent, with the exception of the coeffi-
cients for the z-axis in eq. (1.5). The system is calibrated by setting the two
lasers to equal power (as measured after passing through the sample) where
the two traps have equal efficiency. This means that c, PSDy, = 8, PSDy,.
Lastly, the calibration is verified by performing a DNA pulling experiment
where an overstretching plateau at ca 65 pN confirms that the calibration is
accurate.

1.4.2 FORMA and the problems of long integration
times

Force Reconstruction via Maximum-Likelihood-Estimator Analysis, or FORMA
for short, is a relatively new calibration method which makes use of a max-
imum likelihood estimator for finding optical trap stiffness and diffusion
constant [27]. This method is appealing in that it does not require long
trajectories and could achieve high accuracy if the sampling rate is high.
Here, a high sampling rate means a sample rate about an order of magni-
tude higher than the corner frequency of the optical trap. With FORMA
the optical trap stiffness k is estimated as

Ns—1 Tntl1—Tn
K= _72”:1%7? At (1.6)

Yoy (@n)?

Where N, is the number of samples, z,, are the sampled positions and At
the time between samples. v = 67nR is the particle drag coefficient with n
the dynamic viscosity and R the particle radius. Furthermore FORMA also




20 CHAPTER 1. OPTICAL TWEEZERS

gives the diffusion coefficient D as

At Nt x —x K 2
- = E Intl 7 on M
D 2( - 1) < ; + xn> (1.7)

n=1

However, it is not always possible to reach the high sampling rates re-
quired, especially when using a camera and limited illumination, which for
instance can be the case when trapping fluorescent samples. Then you need
to use long exposure times, also known as integration times 4, to achieve
sufficiently high signal-to-noise ratio to be able to track the trapped parti-
cle’s motion. This limits the maximum sample rate to 1/§. However, a low
sample rate is not the only issue introduced when using a long integration
time.

Using a long integration time with the acquisition device (e.g. camera or
QPD) causes a smoothing of the signal, similar to low-pass filtering. This
effect is illustrated graphically in fig. 1.3 a. It makes particles appear closer
to the trap than is actually the case, as can be seen also in the simulated
trajectories in fig. 1.3 b. This effect is not considered in standard calibration
methods, nor in the original FORMA. It gives the perception of a stiffer trap
(larger k) and lower diffusion coefficient D.
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Figure 1.3: Illustrations of the problems which occur when using
long integration time for calibration. a When the particle moves
around in the trap the sampled position will be the average of the posi-
tion during the integration time resulting in a blurred image in which the
particle appears closer to the central position. b The blue line shows a sim-
ulated trajectory of a particle. The black and red shows the same trajectory
but sampled with longer integration times , 100 timesteps for the black and
1000 for the red.
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In Paper IV, FORMA, as well as the Mean Squared Displacement, Equipar-
tition, Power Spectral Density and Autocorrelation Function methods, were
generalized to account also for limited sampling rates and the motion blur
induced by long integration times [30]. The generalized methods compen-
sate for the integration time by accounting for the fact that the samples are
taken from a different distribution than what is assumed in standard cali-
bration methods. This is done by making use of the fact that the trajectory
positions sampled Z, can be viewed as an integral of the true trajectory

during an interval of §.
tn +5/2
o (1.8)
~ / —5/2

The full derivation of the various generalized calibration methods is rather
technical, especially that of FORMA, and can be found in Paper IV. Here
we present how the formulas in eq. (1.6) and eq. (1.7) are modified. First we
define the relaxation time of the optical trap 7,; = 7/k and the parameter
a = §/27,+ the latter can be seen as a measure of the influence of the
integration time on the sampling. The generalized equations can then be
written as

e 2 420 —1
Fla) = —omz (1.9)
_ T2
Gla)e At/ = 22 1.10
() T (1.10)
kT T — #
7 Fla) = — I8 1.11
O s (1.11)
|:sinh(o¢)j| 2
L > 1 1.12
G(0) = 5 (112)
Where we have introduced the estimators 77, 7> and 73 defined as
=
_ ~ 2
Ti= 5 Z:j £ (1.13)
(1.14)

— i [Z]? (1.15)
n=1
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The equations are solved numerically, yielding accurate estimates for x
and D, also in conditions which are far from ideal. The generalized version
of FORMA performs very well for estimating both the trap stiffness and the
diffusion constant. When using either a QPD or a PSD to sample the particle
trajectory, the integration time is generally short enough (and perhaps not
even known) so one does not need to use the generalized methods, but when
the integration time is long it is crucial to do so as was shown in Paper IV.

1.5 Digital video microscopy

When operating any microscope there is always a large reliance on what is
seen to operate the instrument. This is especially true for optical tweezers,
where the sample must be positioned not only for imaging but also for
trapping and studying objects. Steering the instrument is often challenging,
and researchers often want to extract quantitative data (e.g. the number
of cells, fluorophores, and trajectories of particles) from microscopy images
or videos analyzed systematically. This has given rise to the field of digital
video microscopy (DVM) in which images are analyzed digitally.

Interpreting images from a microscope is rarely trivial. Images are often
complex and the requirements for precision are high, which has led to a
range of different specialized approaches to tackle different situations. In
the context of optical tweezers, DVM is typically used to track the motion of
trapped particles. In this way, one can calculate the position of the particle
with nanometer precision directly from a video recording. Calibration to get
the particle position is in this case very simple, requiring only a conversion
factor relating pixels to microns. This conversion factor can be obtained
by installing a micrometer ruler in the system and measuring the distance.
Challenges lie instead in attaining sufficiently high frame-rates (order of
kilohertz).

There are multiple different approaches to particle localization such as
thresholding, radial symmetry and various deep learning approaches [31].
Deep learning is more versatile than other methods and with the rapid
development of new methods we are likely to see increasingly widespread
adoption in the future as discussed in Paper I. Since deep learning is used
in three of the four papers presented in this thesis, it is also the class of
methods which is in focus here.
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1.6 Particle tracking with deep learning

In recent years, deep learning has emerged as the primary method for detect-
ing particles, offering superior sensitivity and flexibility compared to other
methods [32,33]. Because of this, it is becoming increasingly common for
optical tweezers applications [34]. Within deep learning, there are multi-
ple different approaches to particle tracking utilizing different architectures.
Most are based on convolutional neural networks (CNNs). Commonly used
architectures include standard CNNs, U-Nets, and YOLO, all of which are
applied in Paper II. These different networks have been designed to tackle
different challenges, the YOLO algorithm is, for instance, designed to be
fast. Here we give a brief introduction to these methods, focusing on their
strengths and weaknesses and how this affects which applications they are
suitable for.

1.6.1 Convolutional neural networks

Convolutional neural networks (CNNs) have become a cornerstone of mod-
ern computer vision. Their ability to efficiently capture spatial hierarchies
and long-range correlations between pixels makes them especially well suited
for analyzing image data [35]. This capability arises from the use of convolu-
tional layers, which systematically apply learnable filters (or kernels) across
the input image. The convolution operation is illustrated in fig. 1.4a.

During convolution, the image is divided into small overlapping patches,
such as 3 x 3 pixels as shown in fig. 1.4 a. Each patch is element-wise mul-
tiplied by a kernel, and the resulting values are then summed to produce a
single number. Typically, each convolutional layer contains multiple kernels,
which are learned during training and enable the network to detect different
features. The stride determines the distance between the centers of adjacent
patches and can be adjusted to control the spatial resolution in subsequent
layers.

A typical CNN architecture, as depicted in fig. 1.4b, contains several
types of layers: convolutional layers, pooling layers, and fully connected
(dense) layers. Pooling layers, such as max pooling, help reduce the spatial
dimensions of the feature maps and emphasize important features. Like
convolution, pooling operates on patches, but instead of applying a learned
kernel, it extracts a simple statistic, most commonly the maximum value in
each patch.

Dense layers are typically used for the output of the network. After
feature extraction by the convolutional and pooling layers, the resulting
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feature maps are flattened into a one-dimensional vector. Each neuron in
a dense layer is connected to every output from the previous layer. The
output of a neuron in a dense layer is given by

y=1f (Z w;; +b> : (1.16)

where x; are the inputs, w; are the learnable weights, b is a bias term, and
f is a nonlinear activation function (such as ReLU or sigmoid) [35]. These
layers combine and interpret the high-level features extracted by the convo-
lutional layers, enabling the network to perform tasks such as classification
or regression.

Convolutional layers serve as powerful feature extractors, detecting local
patterns such as edges, corners, and textures by leveraging the spatial lo-
cality in images. Through multiple layers, CNNs build hierarchical feature
representations: early layers typically identify simple, low-level patterns,
while deeper layers combine these to recognize more complex, abstract struc-
tures [36]. In the example in fig. 1.4a, the kernel emphasizes regions with
horizontal lines, illustrating how kernels specialize to detect specific patterns
during learning. This layered approach forms the backbone of advanced neu-
ral network architectures and is fundamental to contemporary deep learning
applications.

CNNs have achieved remarkable success in a variety of applications. No-
tably, their breakthrough performance in the ImageNet Large Scale Visual
Recognition Challenge (ILSVRC) demonstrated their capacity to outper-
form traditional computer vision methods by a large margin [37]. Since
then, CNNs have become the standard approach for tasks such as image
classification, object detection and semantic segmentation.

In Paper IT a CNN was used for determining the axial position of parti-
cles. The choice fell naturally on this architecture since it is both simple and
effective. However, since in this case the network was trained from scratch,
large amounts of training data were needed. We made use of simulated
data for this, in particular we used the DeepTrack2 package [38]. However,
we did encounter trouble with the mismatch between experiments and the
simulated data, which meant that a significant amount of fine-tuning was
needed for good performance. To simplify for the network, the predictions
are made on crops of the image centered around the particle detections, this
reduces the influence of random noise outside the particle itself.
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Figure 1.4: Artificial neural networks used in image analysis. a Illus-
tration of how a convolution works. The input image is split into patches,
each of which is multiplied elementwise by the kernel and then added to-
gether to produce a single number. b A convolutional neural network con-
sists of first a set of convolutional layers (and often with pooling in between)
followed by a small dense network. The network takes images as inputs and
outputs one or several numbers. When used in a convolutional neural net-
work the convolutions are often paired with pooling as well. ¢ An illustration
of the U-net architecture. The U-Net takes as input images and outputs im-
ages, transforming the input image by a series of convolutions and poolings.



26 CHAPTER 1. OPTICAL TWEEZERS

1.6.2 U-Nets for multi-particle tracking

Image segmentation, the task of assigning pixels in an image to a specific
class, is today dominated by deep learning. The U-Net architecture and its
variants are among the most widely used in biomimaging [39]. The U-Net
architecture gets its name from the shape, there are several convolutional
layers of decreasing size stacked which compress the data, followed by layers
of increasing size that up-sample it as illustrated in fig. 1.4 ¢ [40]. There are
also residual connections going between the downsampling and upsamling
paths whose purpose is to help the network maintain details. The idea is
that the residual and shallow layers should help the network detect details
while the deeper layers should look at larger scale structures. Since U-
Nets were introduced a decade ago, they have had great success in various
segmentation tasks within bio-imaging, with applications ranging from CT-
scans to electron microscopy [40,41].

The U-Net works by taking one image as input and converting it into a
heat map that classifies features of the image, such as the particle positions
shown in the output image of fig. 1.4 c¢. Taking particle tracking as an
example, the U-Net should output a heatmap that has values proportional
to the likelihood that there is a particle in each pixel. Extending this to
several different types of particles is straightforward; the network is simply
modified to output several different images (or channels), each corresponding
to a specific type of particle. To get particle positions from the U-Net
predictions, one needs to analyze the heatmaps to convert them into actual
particle localizations. This is done by thresholding and finding the centers
of mass for the different connected segments.

In our optical tweezers experiments, and the adsorption experiments in
particular, the U-Net proved very useful for accurate particle tracking. Since
we lack knowledge of the true particle positions in our experimental data it
is difficult to use it for training a neural network, especially if high accu-
racy is needed. Instead, we employed simulated data from the DeepTrack2
package [38] to simulate the particles. In this way the network was able to
account also for the particles being partially immersed in the oil droplets by
having sufficiently varied training data. In particular training data in which
particles of different sizes overlapped.

1.6.3 YOLO object detection

Object detection is the task of locating objects in images or videos. If the
purpose is to analyze video, especially in real-time, then there is also a need
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for the algorithms to be fast. The large number of industrial applications,
ranging from facial recognition, reading number plates, etc, have given rise
to a large number of different algorithms and one of the most used ones are
YOLO (You Only Look Once) [42,43]. This architecture predicts so-called
bounding boxes, which both classifies and encompasses the different objects
in an image.

The YOLO algorithm, and subsequent improvements to it, are publicly
available through Ultralytics [44]. This easy availability is one of the main
reasons for using it. Furthermore, it can also be trained to high accuracy
with relatively little training data thanks to the use of transfer learning. In
Paper II the network was trained on roughly 1000 images, but still achieved
accuracy superior to that of the U-Net. Lastly, of course, the speed of the
network has been key to its widespread adoption. This comes from YOLO
using only a single, relatively simple forward pass to perform the predic-
tions. The U-Net for comparison requires a post-processing step for object
detection and by retaining the original size of the image at the output the
predictions from network itself are also computationally demanding to cal-
culate. The biggest drawback with YOLO for our applications in Paper II
is perhaps that it struggles with very high object densities (many objects
in a small area), a situation rarely encountered during our experiments.
Furthermore, as noted in Paper II, the precision has also been lower than
that of other methods, such as U-Nets, but this is likely due to the inclu-
sion of manually annotated data, a more dedicated push towards accuracy
could probably alleviate these issues. Using a newer and larger version of
YOLO might help with these problems but would be more computationally
demanding and thus slower, which is a trade-off that is likely not worth it
for the real-time applications.

1.7 My contributions to optical tweezers

During my PhD optical tweezers have continually played a central role,
forming a common thread throughout this thesis. My work has been pri-
marily experimental, focusing on applying tweezers to novel problems in
biophysics and colloidal chemistry. The background to the problems tack-
led is presented in chapter 2. However, most of my time in the lab was
not spent directly performing measurements, but rather on developing new
techniques, improving existing ones, and analyzing data. I spent countless
hours in the lab assembling optical tweezers, refining alignment, and testing
new experimental protocols.
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The single largest part of the work was devoted to construction of a
MiniTweezers and the refinement of this into the SmartTrap system. This
system and how it works are described in Chapter 3. The chapter is also
intended to act like a starting point for those seeking to build on the new
hardware and software of the SmartTrap, or develop their own systems.

Another key component of experimental work is data analysis. It is
during the analysis that one discovers how high quality the data are, which
in the context of optical tweezers, means consistently performed experiments
with low noise and bias. High quality data are central also when training
machine learning algorithms, for which large amounts of data are generally
needed. It is worth putting in the time to refine procedures to get good
data, as was needed for both Paper II and III. Having reliable methods
for analyzing data is important, not only for understanding the results of
experiments, but also for automation where it is used to make decisions in
real time. Chapter 4 complements chapter 3 focusing on the algorithms used
for automation. The chapter is meant to be an introduction to automation
in biophysics and the methods used in Paper II, offering a practical and
accessible take on the subject.

It is both my hope and belief that the system and methods I have helped
develop will continue to improve and be used. If your methods work, and
are well designed, people will continue using them for decades, as was the
case with the original MiniTweezers.



Chapter 2

Applications of optical
tweezers

Optical tweezers have numerous applications in a variety of scientific fields
such as biophysics, colloidal chemistry, and quantum physics [6,21,45]. The
popularity of optical tweezers comes from their unique ability to provide non-
contact, highly precise manipulation of objects at the micro- and nanoscale,
a task for which there are few other methods [7,15,16,45]. Additionally,
optical tweezers enable simultaneous measurement of forces at the piconew-
ton scale, making them invaluable tools for studying the mechanics of small
systems. Some of the most prominent and impactful applications are in
biophysics, contributions to which earned Arthur Ashkin the Nobel Prize in
Physics in 2018 [10]. In this chapter, we introduce the main applications
of optical tweezers as explored in the papers presented in this thesis, with
particular emphasis on the associated experimental considerations.

2.1 Single-molecule experiments

One of the most exciting possibilities offered by optical tweezers is the ability
to study the behavior of single molecules. The keyword here is single. There
are multiple bulk methods for studying biomolecules, such as calorimetry
and surface plasmon resonance, but these risk missing the dynamics of pro-
cess, which can be key to understanding [46]. In particular, bulk methods
struggle when dealing with heterogeneous processes since they often yield
just an average value from many processes. Understanding biological pro-

29
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cesses at the single-molecule level is key to establishing a complete picture
of biomolecular processes such as the workings of molecular motors and for
understanding microthermodynamics [47].

Still, optical tweezers are not the only single-molecule technique, atomic
force microscopy and magnetic tweezers are also commonly used [45], but
optical tweezers are the most widely used because of the precision and high
temporal resolution offered in measurements and positioning. In particular,
the possibility to study how molecules behave when a force is applied to
them, what is known as single-molecule force spectroscopy, is something
optical tweezers excel at. These experiments are most often performed by
attaching the ends of the molecule of interest between two micrometer-sized
particles. One (or both) of the particles is held in an optical tweezers. The
trapped particle is used to both apply and measure forces on the molecule.
In the standard experiments the trapped particle is moved between two
set positions, generating a graph of the force as function of distance (or
molecular extension), but as we shall see also other protocols are used.

Exploring DNA dynamics with single-molecule force spectroscopy

Single-molecule force spectroscopy is when the force is studied as a function
of molecular extension. In the case of optical tweezers, the field dates back
to the 1990s and the group of Carlos Bustamante. They were the first to use
optical tweezers to study in detail how DNA behaves when it is stretched
by forces applied to the ends of the molecule [48]. Thus, they established
that the extension of double-stranded DNA can be well described by the
extensible worm-like chain model. Nowadays, the field of single-molecules
has shifted attention towards molecules with more complex behaviour, such
as DNA-hairpins, RNA and proteins as well as more complex experiments
to investigate processes such as DNA replication, transcription and protein
folding [8,49]. However, the results of the DNA pulling experiments remain
key to understanding other experiments. This is largely because DNA han-
dles are used to connect molecules, such as proteins or DNA hairpins, to
microparticles. Then, when the target molecules are pulled, one needs to
take into account also the stretching of the DNA handles, which requires a
proper understanding of the DNA dynamics [8].

The DNA pulling experiments helped establish that force-extension dy-
namics of DNA can be modeled using the worm-like chain model (WLC
model). The WLC model assumes that the polymer can be characterized
by two parameters, the total length of the polymer (the contour length) and
the persistence length [50]. The persistence length can be viewed as a mea-
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Figure 2.1: Illustrations of various single-molecule experiments. a
In DNA pulling experiment single molecules are tethered between two mi-
croparticles, one of which is held in an optical trap. The optical trap is
moved, applying a force on the trapped particle. b By incorporating a sec-
ondary excitation laser one can measure when and where proteins bind to
molecules. ¢ Measurement of the stepping of a molecular motor on micro-
tubule. The molecular motor is attached to a particle held in an optical
trap. When the motor moves along the microtubule, the stepping of the
motor is observed on the movement of the particle.

sure of the bending stiffness of the polymer. Stiffer molecules have greater
persistence lengths; e.g. double-stranded DNA is stiffer than singe-stranded
DNA and therefore has a longer persistence length. Furthermore, the model
describes the polymer as moving and bending freely, only influenced by
Brownian motion and the inherent stiffness. However, entropy will make
the polymer coil up to just a fraction of the contour length, counteracting
stretching of the molecule.

The WLC model can be used to describe the force, F', required to stretch

a molecule a distance x or equivalently the relative extension E = Lio where

Lg is the contour length of the molecule as illustrated in fig. 2.2. The
derivation of the force as function of distance is somewhat technical, see [51].
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Figure 2.2: Illustration of the worm-like chain model. The model can
describe the force, F, required to stretch a polymer from a coiled state (top)
to a stretched state (bottom). The inset shows the force as a function of
molecular extension, E, relative to the contour length of the polymer. The
force diverges as the extension approaches the molecule’s contour length.

It yields the following expression for the force

kT 1 1 =z
Fla) = I, i1 —2/Lo? 1 L, (2.1)
Where kT is the Boltzmann constant, T' the temperature, L, is the persis-
tence of the molecule. However, for high forces, eq. (2.1) fails to describe the
extension accurately. This is because the molecule itself will stretch, and the
equation needs to be modified to account for this enthalpic contribution. It
can be shown that this can be accounted for by changing /Lo — Lio — KLO
where Ky is the stretch modulus of the molecule [52]. One thus arrives at
the following expression for the extensible worm-like chain model.

Fla) kvT 1 1+ T F
r) = —/" -7 T T
Lp 4(1 —CC/LO +F/K0)2 4 LO KO

(2.2)

The stretch modulus of double-stranded DNA has a value of ca 1200 while
the persistence length is around 43nm [9]. As we see in Paper IIT the model
can also describe the extension of synthetic polymers, even though these are

much less stiff (a persistence length of less than 1nm was found in Paper
I1I).
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Protein folding and unfolding

Another fundamental category of biomolecules that is often studied with
optical tweezers are proteins. Using experimental configurations similar to
those used in DNA pulling one can study protein folding and unfolding [53].
Unlike bulk methods, the high resolution of optical tweezers makes it possi-
ble to study folding intermediates (partially folded proteins), and in partic-
ular, if they are on or off the folding pathway [8]. Most often a force ramp
protocol is used for protein pulling experiments e.g. the particle is moved
between two fixed positions. However, also other protocols, such as con-
stant force and constant position, are sometimes used, enabling researchers
to study phenomena such as hopping between folded and unfolded states.

Looking ahead, the study of protein folding may very well be the optical
tweezers application that sees the most growth in the future. This is because
protein folding with optical tweezers is starting to find use in the develop-
ment of new drugs, enabling researchers to dynamically study the effects of
drugs on target proteins [54]. Furthermore, since the observation of mis-
folding and folding intermediates require data, it is likely that autonomous
algorithms, such as those described in this thesis, could be used to discover
rare, or short-lived, intermediates and to search for these in a systematic
manner.

Molecular motors

The excellent control of particles enabled by optical tweezers also unlocks
different types of experiments using other types of feedback and different
biological assays. In particular, one can study the operation of molecular
motors. One of the first motors studied was kinesin and this soon led to
the observation of kinesin stepping [55,56]. This was the first direct demon-
stration that molecular motors move using discrete steps, rather than con-
tinuously. With optical tweezers it is also possible to measure the stepping
length of the motors, which in the case of kinesin are 8 nm long. By pushing
the resolution limit with an ultra-stable dual trap optical tweezers, single-
base-pair stepping was observed in RNA polymerase [57].

Another property that one can easily extract from optical tweezers mea-
surements is the stall force, which is the force required to stop a molecular
motor. In the case of RNA polymerase, which transcribes DNA into RNA,
the stall force was found to be 14 pN [58]. These are just a few of the molec-
ular motors that have been studied with optical tweezers, there are multiple
other, such as ClpX unfoldase, bacteriophage ¢$29 DNA packaging motor
and the muscle protein myosin to name a few [59-61].
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Many of these experiments are rather challenging to perform, requiring
the handling and assembly of multiple large proteins as well as very high-
resolution optical tweezers [9]. They could therefore potentially benefit from
being automated using protocols similar to those presented in Paper II since
this can increase the accuracy of the control and repeatability of the exper-
iments. However, in cases where not much data are needed, it may very
well be faster to perform the experiments manually rather than adapting an
autonomous protocol.

2.2 Single cells

Optical tweezers are particularly suited for manipulating objects at the mi-
crometer scale, making them powerful tools for probing the mechanics and
behavior of single cells. Their ability to apply and measure forces in the
pico- to nano-newton range allows for precise and non-invasive manipulation,
which has led to extensive use in biophysical studies of single cells and their
mechanical properties [7,62]. In recent years, the increasing automation
and integration of systems with microfluidics and imaging modalities such
as FRET has further enhanced their applicability in single-cell research [63].

2.2.1 Red blood cell deformability

Red blood cells (RBCs) have been extensively studied using optical tweez-
ers because of their soft membranes, which make them easy to stretch, and
their close link to biomedical applications. In particular, the link to certain
diseases such as sickle cell disease makes understanding them important.
Optical tweezers have been used extensively to quantify their deformability,
membrane elasticity, and response to mechanical stress [7,64]. Several differ-
ent trapping configurations have been used to stretch RBC. There are dual
trap configurations with two microparticles as handles and also a single trap
configuration using the momentum change of the laser as it passes through
the cell for stretching, as well as a dual trap in which the two traps are used
to pull the cell [65-67].

In the dual-particle configuration, two microparticles are attached to op-
posite ends of a single RBC, somewhat similar to the configuration used for
single-molecules. These particles are then optically manipulated to stretch
the cell. The trapped particles serve as handles for precise control and track-
ing, allowing researchers to derive mechanical parameters such as membrane
shear modulus and viscoelasticity. This configuration has also been used in
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the MiniTweezers [66]. The method provides a simple means for measuring
the applied forces (same as in other optical tweezers configurations) and
the lasers do not pass through the cell limiting photodamage. The main
disadvantage is that it is not non-contact and is relatively low throughput
compared to some of the alternative methods.

In contrast, direct optical deformation of cells, known as the optical
stretcher, focuses two laser beams directly on the cell to induce shape
changes via optical stress. This method is non-contact, which reduces ex-
perimental complexity, and avoids mechanical artifacts from particle-cell ad-
hesion [65]. However, quantifying the forces involved in such configurations
is challenging. It often requires detailed simulations of light propagation
through cells to estimate the optical forces involved. Recently, another non-
contact method was used in which two different traps were employed to grab
parts of the red blood cells to systematically stretch the cells and then relax
them [67]. The cells were showing long term hysteresis, becoming gradually
stiffer the more times they were stretched.

2.2.2 Other cell types, subcellular units and future ap-
plications

The membrane mechanics of other cell types, such as yeast cells and breast
epithelial cells, have been studied with optical tweezers [68]. However, there
are many applications of optical tweezers to single-cell studies which inves-
tigate phenomena other than membrane mechanics.

Optical tweezers ability to manipulate cells in a non-contact manner
is highly appealing, offering a straightforward method for positioning and
sorting cells [7]. By holding single cells in the optical trap one can measure
the properties of them as the media is changed.

Considering the recent rise machine learning, discussed in Paper I, it
seems all but certain that it will be applied also to optical tweezers and
single cells beyond the example we show in Paper II. Machine learning has
potential not only in the analysis, where it has already seen widespread
adoption [69], but it could also power automation. Using machine learning
(and in particular for image analysis) could help guide the tweezers and
monitor, or measure, properties over long periods of time or to look for rare
events. For example, selecting and specific bacteria species in a natural sam-
ple containing a large variety of different species at different concentrations
(somewhat similar to the particle characterization introduced in Paper II).
Then moving these bacteria to a separate area of the chamber to grow them
selectively.
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2.3 Optical tweezers in colloidal sciences

In the most general terms, colloids are microscopically insoluble particles
dispersed in a medium, such as polystyrene particles in water. Colloidal
particles typically refer to particles that range in size from a few nanome-
ters to micrometers, which overlap well with the operational range of optical
tweezers. This has led to optical tweezers quickly finding multiple applica-
tions to study phenomena such as diffusion, depletion interactions and poly-
mer dynamics [70]. Some common colloidal measurements are illustrated in
fig. 2.3, variations of which were performed in Papers II and III.

a b

1 2

Figure 2.3: Examples of colloidal measurements performed with
optical tweezers. a By trapping a particle and moving it at constant speed
the size can be measured and the optical trap stiffness can be obtained by
studying the particle’s diffusion. b Interactions between particles can be
studied by pushing particles together while simultaneously measuring the
force between them. c¢ By bringing a particle to a liquid-liquid interface
(panel 1), such as oil-water, with optical tweezers the dynamics of adsorption
(panel 2) can be studied with high resolution.
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2.3.1 Particle-particle interactions

Colloidal particles are subject to a variety of interparticle forces that gov-
ern their stability and dynamics. In the absence of repulsive interactions,
random Brownian collisions will inevitably lead to aggregation, primarily
driven by attractive van der Waals forces [71]. To prevent this, colloids are
typically "charge-stabilized", meaning that the particles are engineered to
carry surface charges of the same sign, giving rise to electrostatic repulsion
that keeps them apart. An alternative approach involves coating particles
with polymer shells, which introduce steric hindrance, and an additional
repulsive component that also suppresses aggregation [72].

Optical tweezers have become indispensable tools for investigating particle-
particle interactions in colloidal systems. By trapping and manipulating
single particles with high precision, tweezers allow direct measurement of
the forces between them. A common experimental approach is to bring two
particles together using one or two optical traps, as illustrated in fig. 2.3 b.

A particularly noteworthy application of optical tweezers is the measure-
ment of critical Casimir forces. While the classical Casimir effect arises from
quantum fluctuations between conducting plates [73], the critical Casimir
force emerges in fluids near critical demixing points [74]. Hertlein et al. [75]
directly measured the critical Casimir force between a colloidal particle and
a planar wall in a binary liquid mixture using optical tweezers. Subsequent
experiments extended these measurements to interactions between two par-
ticles, revealing the non-additive nature of the critical Casimir force [76].
These studies illustrate the versatility of optical tweezers for exploring funda-
mental interactions in soft matter, capable of measuring from simple charge-
stabilized colloids to complex systems exhibiting many-body effects.

2.3.2 Adsorption of colloidal particles to liquid inter-
faces

The adsorption of colloidal particles to a liquid interface has received signif-
icant interest as it has applications ranging from drug delivery to mineral
recovery [77]. Particles attached to a liquid-liquid interface can help stabilize
the emulsion by forming Pickering emulsions. Even though optical tweezers
are well suited for this since they can manipulate particles in a non-contact
manner, they are still not widely used in this field.

There are some influential studies using optical tweezers which have fo-
cused on the dynamics of particles adsorbing into interfaces. This has been
pioneered by the group of Manoharan [78,79]. They used a configuration in
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which the optical tweezers pushed particles into an oil-water interface from
the water phase. The water phase was positioned below a oil interface as il-
lustrated in fig. 2.3c. The particle’s vertical position was then tracked using
holography. In this way, they were able to establish that particles exhibit a
logarithmic relaxation into the interface. The vertical configuration allows
for a completely flat interface, which can be advantageous, since accounting
for the effects caused by curved surfaces can be difficult. However, imaging
through the interface makes it challenging to discern exactly where the in-
terface is. This configuration also makes it challenging to use the tweezers to
measure and apply forces to particles during the adsorption, since reflection
of the laser from the interface may affect the particle, and optical tweezers
are less stiff along the z direction.

In these applications optical tweezers strength lies primarily in their abil-
ity to manipulate particles, rather than their force measurement, since the
attachments too the interface are generally stronger than what a tweezers
can achieve [80]. Nevertheless, as a non-contact technique with high resolu-
tion, optical tweezers are likely to play an increasingly important role in this
field. In Paper IIT we make use of a different configuration to study parti-
cle adsorption in which the particles are pushed into microbubbles, offering
direct visualization of the adsorption process.



Chapter 3

The SmartTrap system

Toward the end of the 1990s, optical tweezers became increasingly common
in laboratories around the world as more and more laboratories learned
how to use the techniques involved. Several breakthroughs were made,
such as the first DNA pulling experiment and investigations of kinesin step-
ping [48,81]. One of the leading groups in the field of single-molecule studies
with optical tweezers was, and still is, that of Carlos Bustamante. Steven B
Smith, engineer in that group, and Carlos together had the idea of minia-
turizing the system they had used for the DNA experiment. This became
the MiniTweezers, an optical tweezers small enough to fit in a fridge. The
instrument, illustrated in fig. 3.1, was quickly adopted by groups around the
world, and since then around 50 instruments have been produced, many of
which are still in use today. To mention a few example use cases from our
collaborators; the lab of Felix Ritort has several MiniTweezers instruments
and has been using them to investigate things like fluctuation theorems, free
energies and binding energies of nucleic acids [82-84]. Geographically closer
to our lab the group of Fredrick Westerlund and Marcus Wilhelmson have
used it to study DNA hairpins [85, 86].

Working on the principle "if it is not broken, don’t fix it", the original
design and electronics are still (to our knowledge) used exclusively. When
I started my PhD, this was starting to become a bit of a problem. It is
increasingly difficult to acquire the necessary components for constructing
new instruments, for instance the motors were discontinued in 2008. Also,
being limited by the technology of its time, the instrument is starting to
become outdated in terms of capabilities.

This was the background to the SmartTrap project, to reinvigorate the

39
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MiniTweezers systems with new electronics, software, and minor hardware
updates to breathe new life into the many MiniTweezers instruments around
the world. In this way, we could address the shortcomings of the original
design, while in the process also obtaining a cutting-edge instrument well
suited for experiments ranging from single-molecule force spectroscopy to
particle-particle interactions, and particle characterization.

Once our updated instrument had been constructed, we realized that
the fact that we could control the entire system from our computer gave us
several new opportunities to streamline our workflows. This initially led to
experiments being performed remotely from the comfort of an office and in
the company of a cup of coffee, but eventually enabled us to take it one step
further and have the instrument perform our experiments autonomously.
In this chapter, I outline how the SmartTrap system works, how to use it,
and the differences between it and the older MiniTweezers. However, the
algorithms used for automation are left for the final chapter of this thesis.

"
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Figure 3.1: The MiniTweezers instrument. 3D model of the MiniTweez-
ers viewed from the side with side panels (leftmost image), as well as from
the top and side with the side panels and internal cables removed for better
clarity. The instrument is ca 30 cm in diameter.

3.1 Experiments in the MiniTweezers system

To understand the MiniTweezers system, it helps to take the perspective
of someone working in biophysics and who uses it on a daily basis. We
therefore start by describing how experiments are performed. In particular,
we focus on single-molecule force spectroscopy experiments, which allow for
studying processes such as protein folding and unfolding, DNA dynamics
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and molecular motors [8,9,53]. These experiments are further described
in section 2.1, and it is for this type of measurement that the instrument
was originally designed. Single-molecule experiments require the ability to
manipulate at least one particle, while also being able to measure forces
and distances. Beyond this, there are additional features of a system that
are highly desirable, since they make experiments easier to perform, such
as a reliable microfluidics system, an easy-to-use interface, and some pre-
prepared pulling protocols.

Experiments in the MiniTweezers are performed in a custom microflu-
idics chamber. The standard chamber design is shown in fig. 3.2. The
chambers are handmade by sandwiching two sheets of parafilm between two
microscope slides made of glass. The parafilm is cut beforehand using a
laser cutter to create the channels, and in one of the glass slides holes have
been drilled for inlets and outlets. Importantly, the MiniTweezers has only
one optical trap and therefore makes use of a micropipette, positioned in the
center of the chamber, to hold one of the microparticles, see fig. 3.2. It is
quite easy to adjust the chamber design. For instance, to perform the liquid-
liquid interface adsorption experiments in Paper III, the design was altered
to better allow for using the micropipette to create dodecane droplets by
removing the outer channels and increasing the size of the opening in the
micropipette.

Figure 3.2: 3D model depicting the microfluidics chamber of the
MiniTweezers. There are 3 channels in the chamber, the top and bottom
are used to supply particles and the central channel is used to perform the
experiments. The bottom and top channels are connected to the central one
with microcapillaries.

After having installed a microfluidics chamber with the corresponding
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tubing, there are a few steps that need to be taken before an experiment
can be performed to prepare the instrument. The zero levels of the force
and position detectors are set to account for any slight misalignment. It
is also advisable to save the motor encoder positions of the outlets of the
capillaries in the central chamber as well as the pipette to avoid having to
look for these after replacing a particle. With these steps performed, the
system is ready for operation. A typical single-molecule experiment in the
MiniTweezers system involves the following steps

1. A streptadavin coated particle is trapped

The particle is brought to the micropipette

The particle is placed in the micropipette, held there firmly by suction
An antidigoxigenin coated particle is trapped

The particle is brought to the particle in the pipette

The particles are brought together and pulled apart

N o e N

The user looks for a force-distance curve resembling the molecule they
are investigating

8. A pulling protocol is executed while forces and distances are measured

The above describes a typical procedure. However, it could easily be
adapted to other experiments which can be performed in the MiniTweezers,
such as hopping of a molecule between folded and unfolded states [87].

3.2 Optical system of the MiniTweezers

The MiniTweezers makes use of a counterpropagating optical tweezers de-
sign. That is, it uses two lasers to form a single optical trap, see fig. 3.3.
There are several advantages to this. The scattering forces of the two lasers
cancel out, creating a highly stable optical trap. Also, and perhaps most
importantly, it allows for direct force measurement by monitoring the mo-
mentum change of the trapping lasers. This has the great advantage that
once the system is calibrated the force acting on any trapped object can be
calculated directly from the deviation of the lasers from their equilibrium
positions, assuming that all light passing through the trapped object is col-
lected. An assumption which holds true for most particles used in exper-
iments with the MiniTweezers. In the MiniTweezers, the laser momentum
change is measured using two PSDs, one per laser as shown in fig. 3.3.
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Counterpropagating tweezers also come with drawbacks compared to
single laser systems; they are more challenging to construct and align since
they have two lasers, which roughly double the optics and electronics needed
specifically for the lasers. It also means that it is necessary to align the lasers
very accurately in 3D for a stable trap, ideally the two foci should perfectly
overlap. This is especially important for small particles since these have a
greater risk of the two foci being so far apart that both lasers may not focus
inside the particle leading to unstable trapping. This is the main reason the
system may struggle with trapping of particles smaller than 0.5 pm.

Wiggler A Wiggler B
Iris B L
== Position Position
Force detector A detector B
detector B \ I O / dege Ocrtcoi" A
Camera Sample S $
NGNS A
ShortpassPB PBS A4 24 PBS PBS

filter waveplate waveplate

Figure 3.3: Optical schematics of the MiniTweezers system. The
two lasers follow equivalent but mirrored paths. The lasers are first passed
through the wiggler, which is used to move them dynamically. Next a small
proportion is focused on the position detectors while most of the light is
collimated and sent into the back aperture of the objectives. After passing
through the sample the lasers are again focused this time on a second PSD
(force detector) and some of it is focused on a photodiode with an iris in
front. The photodiode is used for measurement of the force along the z-axis.
PBS is short for polarizing beam splitter. Reproduced from Paper 1II.

Beyond the force measurement the system also incorporates position
measurements of the lasers. Like the force measurement the actual position
signal is sampled using one PSD per laser. These are placed before the
lasers enter the sample and just a small portion (on the order of 8% of the
light) is directed to them, see fig. 3.3. In the SmartTrap system these can be
calibrated automatically with the camera, a routine moves a trapped particle
in a grid pattern while tracking the position and recording the position
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PSD readings. However, with the introduction of the digital camera the
position recording is less important in the SmartTrap compared to in the
MiniTweezers. The camera provides the true particle position, rather than
the laser position, the latter needs to be calibrated to retrieve the particle
position which is what is often needed for analysis of experiments.

The last important part of the optics of the MiniTweezers is the imaging
of the sample. This is performed using a standard brightfield configuration
as shown in fig. 3.3. As can be seen the path of the illumination pass through
several different beam-splitters. All of these contribute to the illumination
losing power, which makes achieving high intensities required for high-speed
recording (with the camera) challenging. Not included in the schematics is
a retro-reflector placed at the bottom of the instrument straight underneath
the camera. With the retro-reflector installed, both of the lasers are visible
in the camera, which is used for alignment.

3.3 From MiniTweezers to SmartTrap

Technology has advanced significantly since the MiniTweezers was originally
designed, especially in terms of computing capabilities. This is why when we
decided to update the MiniTweezers we focused on the electronics and the
software. Microcontrollers today are smaller, faster and more powerful than
they were two decades ago. Similarly, computers and digital cameras have
advanced significantly, which has spread the use of digital video microscopy
as a means of analysis. This has left the original MiniTweezers control sys-
tem outdated, being overly complex and slow by today’s standards, while
also relying heavily on manual operation of different components (e.g. sy-
ringes for fluidics control). A prime example of this complexity is that the
original controller required five different microprocessors to handle readings
of the sensors and communication with the motors. Naturally, having a con-
troller with five different processors makes the system very complex. In order
to achieve a smooth operation of the user interface, the software needed to
be highly optimized, which meant that customizing it for a certain computer
operating system was necessary. This in turn meant users were practically
forced to use only computers with that specific operating system. Still, the
amount of work required to design a high-performance system such as the
MiniTweezers, is not to be underestimated. This is why any half-hearted
attempt at redesigning it would likely have yielded a system inferior to the
original. Several aspects of it were well optimized also by modern standards,
such as the force measurement, and remain high performance today.
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Figure 3.4: Comparison of the new and the old MiniTweezers sys-
tems. a In the old MiniTweezers system the user interfaced the system via a
variety of different means. The camera was connected to a TV monitor, sep-
arate from the instrument itself and both particles and buffer were ejected
into the instrument manually using syringes. Motors and laser positions
were controlled from a Mac mini computer which also monitored the forces.
b The new SmartTrap system lets the user control and monitor everything
from a single interface.
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The new system aims at addressing these shortcomings and simplifying
the operation for users, as illustrated in fig. 3.4. Key to this were both the
new controller and the new user interface. The new interface incorporates
all the different control and monitoring systems used for the instrument into
a single software application. This comes with two major advantages: first,
it is easier for the user to only have to pay attention to a single software;
second, it allows for more computerized feedback, and feedback between
a larger range of different actuators and sensors. For instance, one can
now have feedback between the camera and the pump, so that the pump,
which pushes particles into the system, turns off immediately once a particle
becomes visible, reducing the risk of double trapping particles.

3.4 Electronics controller

The instrument contains multiple photosensors (four PSDs and two photo-
diodes) and actuators (three servomotors and four piezos). These need to be
read and controlled, respectively, at high speed. The role of the electronics
controller is to communicate between the host computer and these sensors
and actuators of the instrument, as illustrated in fig. 3.5. The controller
also provides fast feedback for certain protocols. It consists of three sepa-
rate printed circuit boards (PCBs) connected by ribbon cables. During my
PhD T revised the design of the boards multiple times and now each board
hosts a separate part of the electronics.

The first board hosts the microcontroller, a small programmable pro-
cessor used to communicate with the computer. It also handles the digital
signals on the controller, how this is done is outlined in section 3.4. In-
stead of using five different microprocessors, as in the old MiniTweezers,
this board uses a single more powerful one. This not only simplifies the
design massively but, since the processor is much faster, it also allows for
greater sampling rates, reduced latency for feedback and simplified firmware
programming. The microcontroller used is an Arduino Portenta H7 which
is relatively powerful, easy to interface with and program while also being
readily available.

The second board is used to read the photosensors. The signals coming
directly from these sensors are rather low power so they are first amplified
on the circuit board, in two stages, to be in the range of ca 1V in amplitude
before being sent to an analog-to-digital converter (ADC) which is then
interfaced by the microcontroller.

The last board handles the actuators of the system, four piezos (two
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for each laser) and three dc¢ servo motors (for moving the sample in each
axis). The piezos are driven by high voltage amplifiers capable of delivering
up to 150V and are controlled by two dual-channel (one channel per piezo
actuator) digital-analog-converters (DACs). The motors are driven by pulse-
width-modulated (PWM) signals which are amplified using a motor driver
circuit. The motor driver circuit is also used for choosing the movement
direction of the motors. Lastly, the board also passes through relevant
signals to the microcontroller.

The controller has a two-way USB serial communication to the host
computer, sending the various sensor readings to the host and receiving
commands to execute, e.g., moving the sample with the motors or the lasers
with the piezos. Since there is a fair bit of latency when communicating
with the host computer some feedback protocols, such as the "autoalign”
which keeps the two lasers at the same position on trapped particles, are
run directly on the controller offering superior response times on the order
of 0.1ms.

Photodiodes

Host computer

Figure 3.5: Illustration of the role of the electronics controller. The
controller is responsible for converting electronic signals, in the form of volt-
ages, from the various sensors to digital signals that are sent to the host
computer. It also powers the motors moving the sample and the piezo ac-
tuators used in the wigglers to move the lasers inside the sample.

The new electronics controller is designed to be "plug-and-play" for ex-
isting users of the instrument. This means that they can replace their old
controller with the new one by just moving the cables from the old one to
the new one and connecting it to their computer. This offers an easy path-
way for people to use it further into the future. With a sampling rate of
ca 15 kHz (simultaneously across all sensor channels) it vastly outperforms
the previous implementation in terms of data transfer speed, allowing the
system to investigate also phenomena that happen on the sub-millisecond
timescale. If even higher sampling rates are needed, external pin connectors
on the controller can be used to connect it directly to an external oscillo-
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Microcontroller firmware

There is a custom firmware running on the microcontroller which has been
designed specifically for the SmartTrap system. Similarly to the interface
described in section 3.5, the firmware runs a continuous loop. The loop is
initiated when the controller is turned on. During the initiation, parameters
such as which pins are used for output and which for input are set and com-
munication with the host computer is started. If communication is dropped
for any reason the microcontroller will continuously try to reconnect.

The main loop handles regular communications with the host computer
and steers the piezo actuators. It checks when sufficient number of samples
have been collected to send to the host computer. The loop is carefully
balanced so that each iteration of it should take roughly the same time to
execute. This means, for instance, that it does not read signals from the
computer immediately after sending data, since doing so could block the
timed sampling of the detectors. This reduces the risk of interference with
the sampling, which is essential for stable operation.

Sampling of the various detectors is executed once every 64 ps. This
sampling is triggered by a software trigger, meaning that once the internal
clock of the microcontroller has detected that 64 ps has passed it will call
the sampling function. The sampling function reads the A and B channels
in parallel going through the different signals in order and putting them in
a 512 byte array which when full is sent to the host computer via the USB
protocol.

The microcontroller does not sample sensors directly itself. Instead it
reads the values using a 16-channel 16-bit analog digital converter (ADC).
This is interfaced via a parallel interface, meaning that each bit of the 16-
bit number is read as a separate digital signal. A single pin on the ADC
is connected to each of the amplified signals corresponding to the x,y and
sum signals of the four PSD detectors as well as the power reading of the
two photodiodes (which are used to determine the force along z). Due to
limitations of the microcontroller it cannot use the Serial Peripheral Interface
(SPI) communication in combination with the software timer, even though
it is both faster and more flexible than the parallel interface and there are
pins available on the microcontroller for that.

The smart trap system makes use of DC servo motors, specifically Thor-
labs Z606 Motorized Actuators to move the sample stage. The speed of
these are controlled using a pulse width modulated (PWM) signal. To en-
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sure consistent speeds a position-derivative (PD) algorithm is used to adapt
the PWM duty cycle. This is needed since the resistance when moving along
different axis may not be the same. The motors have encoders that are used
to determine when they have moved by sending a small pulse which triggers
a counter on the microcontroller. These are used to calculate both the speed
and position of the motors and depending on the movement direction the
counters either increase or decrease.

The piezos, which steer the wigglers, are controlled using two digital
analog converters (DACs), one per laser. The microcontroller communicates
with the DACs using SPI communication. The voltages applied to the piezos
regulate their extension, which in turn steers the lasers. The microcontroller
communicates with the piezos at a rate of ca 7 kHz. The various movement
protocols used in force spectroscopy are run on the microcontroller. These
are called from the main loop. New protocols can be added with ease by
implementing a new feedback function steering the lasers using the readings
from the various photosensors to provide fast feedback.

3.5 User interface

Users operate the SmartTrap system using a custom graphical user interface
(GUI) developed specifically for it. It is entirely graphical and written in
Python, making it easy to maintain, use, and possible to run on all modern
computers. The interface handles communication with the various instru-
ment controllers and the camera. Being open source means that other users
can, in principle, use it directly by downloading it from the GitHub reposi-
tory [88].

The various controllers, or actuators, which are interfaced through the
GUI (e.g. microfluidics controller, laser controller) are each assigned to a
custom widget. A widget is a small container which show up as a small
window to the user. This can then be moved around, resized and docked to
allow the user to customize the interface to his or her own liking. These are
visible in fig. 3.6 as rectangles.

Several key interactions are controlled with the computer mouse. For
example, clicking and dragging moves the motors, while holding down the
scroll wheel and dragging adjusts the focus along the z-axis. Users can select
which tool to use by either clicking its icon or using a keyboard shortcut.
Visual feedback is provided on screen, for instance a red box appears when
selecting an area to zoom into. These tools are easily extended. For exam-
ple, users can quickly implement functionality to select and save images of
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Figure 3.6: A screenshot showing the graphical user interface. The central panel shows the camera
feed. The user has the option to view, in real-time, the network predictions. These are indicated directly in
the camera feed with a green bounding box encompassing the micropipette and a circle the particles. All the
various parts of the system can be controlled manually. Each component is grouped into a specific widget which
can be freely moved. To the left are laser controls, including positioning and autoalign feedback.
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specific particles, using the provided interfaces and the network’s predictions
to center the images.

On top of offering control of the instrument, the software also allows for
flexible monitoring of the various signals. This is achieved by a real-time
plotting tool, built on the PyQtGraph package [89], which can display any
of the different signals, plotting them in real time as shown in fig. 3.7. Such
as the forces acting on the trapped particle, the position of the lasers and
the tracked position of the particle. The user can open multiple windows,
e.g. plotting the force as function of time in one window and as function of
particle position in another. The plotting tool also offers some basic analysis
tools which can be applied directly to the graphs while they are being plotted
such as a Fourier transform and a rolling average. Especially averaging is
useful to average out thermal fluctuations in real-time for easier monitoring.
The plotting windows also allow users to export graphs directly, reducing
the need to code when visualizing the data.

A range of keyboard shortcuts helps streamline manual operation. Each
shortcut can be viewed by hovering the mouse over its corresponding but-
ton. The interface also allows users to see what the neural networks are
predicting (as shown in fig. 3.6). For example, the color of the particles
changes depending on their state: red when trapped, green when inside the
pipette, and blue when moving freely. The force applied to each particle is
shown in real time as an arrow drawn on the image, with its length pro-
portional to the force magnitude and direction. These features help users
quickly understand the system’s current state, such as whether a molecule
is attached during an experiment.

Automation algorithms are also managed directly from the interface.
Users can activate or deactivate any of the available autonomous protocols
or choose to enable only specific subroutines, such as particle trapping or
pipette alignment. This flexibility is particularly helpful for troubleshooting
or focusing on a single step of an experiment. When automation is running,
the interface shows which step is currently being performed, keeping the
user informed in real time.

3.5.1 Back end of the user interface

Several technical challenges had to be overcome to ensure smooth and stable
operation of the system. Most of these solutions are not directly visible
to the user, but they are crucial for reliable performance. The back-end
operates in a continuous loop, constantly acquiring data and monitoring
signals. It also manages communication with external devices such as the
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Figure 3.7: Screenshots showing examples of live plots from the interface. a The force along X and
along Y as function of time. b The current force readings of laser A and B. Both axis are in pN meaning that
the position of the circles should be interpreted as the force applied by the corresponding laser on the trapped
particle.
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camera, laser controllers, and microfluidic pumps. Communication with
external devices can sometimes cause the program to become unresponsive
while it waits for a device to respond. Although these tasks are generally
not computationally demanding, they are limited by input/output (I/0O)
speeds.

To prevent the interface, and the entire program, from freezing, the soft-
ware uses multiple threads and processes. Threads are especially useful in
Python for handling I/O-bound tasks. At a minimum, the program uses
five threads and one extra process, and more if all plotting and sub-units
are enabled. These are outlined in table 3.1. Threads in Python are exe-
cuted by the same physical computer core as the main code and are thus
well suited for I/O-bound tasks, but not for computationally heavy tasks.
For computationally demanding tasks, one can instead in Python make use
of separate processes, which, unlike threads, run on a separate core on the
computer. The back-end uses a separate process for reading and sorting the
data that comes from the instrument controller. Using multiple threads and
processes makes the program more complex than a single-threaded appli-
cation, but this approach proved necessary to maintain responsiveness and
stability. Importantly, the back-end code is designed to be reusable for other
interfaces or applications.

Generalizability of the software

Even though the software has been tailored to the SmartTrap system, it is
designed in such a way as to be easy to transfer to other systems. This
is achieved by using software interfaces that provide blueprints detailing
which functions need to be implemented for the system to work. The mo-
tor controller class, for instance, needs to have functions for moving to a
pre-specified position, reading the current position and moving at a speci-
fied speed and direction. As long as these functions are implemented, the
software can use the motor controller. Meaning that if a user replaces the
motors and controllers of the system smart trap system, by just implement-
ing their own motor controller class, all functionality will remain. Similarly,
the camera only needs a few functions, such as one for capturing frames and
setting the field of view, and can easily be replaced, as we did in fact do for
Paper III. There are also interfaces for the real-time tracking, microfluidics
pumps, laser controllers and data collection.

Looking further ahead, it is our hope that this will lead to other groups
adapting and building on, the software. This could lead to more researchers
trying automation. There will of course still be a need to adapt some of
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Table 3.1: The different threads used by the SmartTrap system. By
using multiple different threads the program limits influence of both I/0O-
bound tasks and computationally demanding tasks on the operation of the

system.

Thread or process Function
Main GUI Runs the main GUI and shows the camera
view to the user.
Camera Continually captures images from the camera.

Also updates camera settings (e.g. exposure
time) when needed.

Video recording

Records videos from captured frames.

Instrument communication

Continually sends data to and from the instru-
ment, placing the recorded data in a queue.
Runs in a separate process.

Data preprocessing

Reads data from the data queue and sorts it
based on sensor. Also calculates forces and
laser position.

Plotting

Plots data in real-time in a separate window.
Can be multiple different windows (each with
a separate thread) and are started from the
main GUIL

Automation

Handles the autonomous procedures and per-
forms the real-time tracking of particles and
pipette.

Microfluidics

Communicates with the microfluidics pump.
Regularly checks the current pressures.

the automation routines, but the amount of extra work required will be

substantially smaller.




Chapter 4

Automation of optical
tweezers

With the rise of AI, and in particular large language models (LLMs), the
trend of automating work has gained renewed speed recently, which, as we
note in Paper I, has been followed by a massive rise in the number of papers
published in the field. The reason for this rise is in large part the hope
that AI can replace human labor in a range of tasks, thus greatly reduc-
ing the cost of services. This trend is also starting to reach the laboratory
with Al models being used in, for instance, protein design and experimental
design [90,91]. However, the challenges faced when automating an experi-
mental procedure in a research lab are often very different from those faced
when developing tools like LLMs which aim to replace standard everyday
tasks such as answering emails or customer questions. One of the largest
differences is that the amount of training data available in a laboratory set-
ting is often minuscule by comparison. This means that an approach based
solely on machine learning is often unfeasible [92,93].

Automation has reached less far in several aspects of lab work, so rela-
tively easy tasks may not yet have been automated, although the techniques
required to do so are readily available. In this chapter we take a look at
the techniques used when automating the SmartTrap system, and when
possible, a more general overview is given so as to provide directly useful
insights also to people aiming to automate their own related tasks like smart
microscopy, magnetic tweezers or AFM. The focus is primarily on more ad-
vanced aspects of automation, meaning those enabled by advanced image
analysis or the integration of multiple different components.

95
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4.1 The case for automation in biophysics

There are multiple reasons to automate procedures, the primary one be-
ing increased productivity as measured in output per human working hour,
but also, and perhaps more importantly, increased repeatability and qual-
ity control. Starting with the increased productivity, having an instrument
running for extended periods of time on its own frees up researcher time
and allows for gathering larger datasets. This is important in biophysics in
particular since results from the laboratory, as well as theoretical models,
are increasingly dependent on large amounts of data. A prime example is
that of AlphaFold which, when trained on 170,000 protein structures, was
able to accurately predict different protein structures [94]. In the case of
optical tweezers, throughput is also believed to be the key to the adoption
by the pharmaceutical industry [54].

Reproducibility of results is absolutely central in science, yet it has long
been an issue with many replication attempts failing [95]. Having automated
and standardized procedures could help scientists compare and reproduce
results, both from different groups and performed with slightly different
parameters, e.g. temperature or cell lines, increasing reproducibility [96].
Repeatability is key for enabling researchers to uncover heterogeneity in
results. If experiments are performed slightly differently each time, due to
manual operation, then it is difficult to tell which part of the variation in
results comes from the execution and which from the intrinsic heterogeneity
of the processes studied.

A third potential benefit is that automation can unlock completely new
applications that are not possible without some sort of intelligent, and fast,
feedback which is unattainable with manual operation. A simple example
of this is the "autoalign" procedure described in Section 3.4 above. This
operates much faster than a human can and enables fast movement of our
counterpropagating trap. It is easy to imagine other smart applications in
which the system automatically responds rapidly. For instance, detecting
misfolding in a protein experiment and responding to this by bringing a
second protein close to see if it binds specifically to the misfolded protein.

With this in mind, it is natural to ask when not to automate, or why
automation is not more widespread. Again, there are multiple reasons and
they differ between applications. There is little literature discussing why
automation is not more widespread. Focusing on experimental sciences in
academia, and drawing from my own experience, one reason is that it may
take longer to automate a procedure than to manually acquire the required
data. We believed this to be the case for the work presented in Paper III. Of-
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tentimes the skills required to implement automation procedures differ from
those needed to prepare and perform experiments. The former being typical
research tasks, requiring knowledge of chemistry, biology or physics while
the latter is more technical, needing experience in electronics, programming
and mechanical design.

However, now that there is a freely available implementation of several
experimental procedures (SmartTrap GitHub [88]), this cost-benefit calcula-
tion has changed and the effort needed has been reduced. For many experi-
ments going forward, it is likely that several (or all), steps will be automated.
Furthermore, also when not automating an entire procedure, more advanced
assistants could help increase the throughput of manually performed exper-
iments by, for instance, helping with alignment or real-time analysis.

4.2 Literature on optical tweezers automation

There has been some work on automating various optical tweezers appli-
cations and protocols prior to our work, but as concluded in Paper I these
works are few and still only rarely use machine learning. Some small parts of
experimental procedures in optical tweezers have long been automated, such
as pulling protocols used in the MiniTweezers, but these are mostly very sim-
ple and generally need to be programmed for each experiment. Nonetheless,
there are several noteworthy works making use of more advanced automa-
tion.

One of the first optical tweezers applications to be automated were par-
ticle sorting, or perhaps more accurately particle selection. There are mul-
tiple different sorting methods which rely on optical forces and they can be
broadly split into active and passive sorting algorithms [98]. Passive algo-
rithms make use of different response to optical fields for different particles
which gives rise to different forces acting on them which enables sorting.
These methods often have relatively large throughput, but are less flexible
when it comes to the sorting criteria. By contrast, active methods require
a choice by the operator (or system) based on a different criteria, such as
shape or refractive index, to separate particles as illustrated in fig. 4.1 a.
An early example of this was the combination of microfluidics with image
analysis to sort cells by type [99], while some more recent methods rely on
deep learning for classification [100-102]. Active sorting makes use of optical
tweezers, not just optical forces. Still, even though throughput is modest
compared to passive methods, the complex criteria that can be employed
makes active sorting highly flexible.
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Figure 4.1: Illustration of automation of optical tweezers found in
the literature. a Sorting of particles (or cells) has previously been per-
formed with optical tweezers. By incorporating image analysis and microflu-
idics particles can be actively sorted with optical tweezers based on different
criteria (shape, size, fluorescence, etc). b Assembly of particles. Complex
3D structures can be assembled using optical tweezers and particles that
adhere to one another. c Navigation through complex environments. By
tracking the position of multiple particles optically trapped particles can be
moved without colliding with obstacles [97].
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Optical tweezers have been automated to assemble microcrystals from
microparticles as illustrated in fig. 4.1 b. In practice one or several particles
are trapped by the tweezers and then brought to the crystal where they
are attached to it, building complex structures particle by particle. In my
opinion, this is the most advanced application to be automated to date (not
counting the SmartTrap) since it requires both positioning and trapping of
multiple particles. Primarily two different approaches to attaching particles
have been used, curing of photocurable prepolymer between the particles
and attachment using biotin-streptavidin binding (particles with two differ-
ent types of coatings) [103,104]. These methods have been proposed for
assembling photonic crystals. While they offer a highly versatile means of
particle assembly, their throughput, also in automated implementations, re-
mains lower than that of other nanofabrication techniques. As a result, they
are more likely to find applications in prototyping rather than large-scale
manufacturing.

There has been progress in applying machine learning in the steering of
the tweezers, a prime recent example is [97] in which they use reinforcement
learning to navigate a crowded environment with a trapped particle, illus-
trated in fig. 4.1 c¢. Their goal is to move a particle to a specific location
without the trap overlapping with other particles. It is highly interest-
ing in that it makes use of reinforcement learning to directly control the
tweezers and achieve a quite complex task. Also, it is worth noting that
the system was trained a simulated environment and could thus relatively
easily be adapted to other similar tasks (e.g. avoiding actively moving ob-
stacles such as bacteria). However, for this particular case, there are good
and widely available classical algorithms such as the A-star algorithm [105]
which is commonly used in robotics and video games as an efficient method
for navigating a complex environment. Still, being a quite fundamental task
in optical tweezers experiments, it may very well see use as part of other
automation applications.

In summary, several components of optical tweezers systems have been
automated. However, the number of fully automated applications in the
field remains limited, and their adoption is largely confined to the laborato-
ries that originally developed them. To date, there has been no systematic
review of why this is the case for optical tweezers in particular. However,
many of the obstacles are similar to those encountered when automating
biological experiments more broadly, allowing us to make some educated
guesses about the underlying factors. As is often the case, the issue likely
reduces to a cost—benefit calculation. Most laboratories lack the necessary
expertise in programming, image analysis, and electronics to implement au-
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tomation themselves. Thus the cost of automation is much higher than
the cost of manually performing the experiments. Also, many users do not
build their own tweezers setups and may therefore have limited control over
them. The rarity of automation may also reinforce the perception that it
is prohibitively difficult, although in practice, the challenge is only for the
first experiment. Similarly, because experimental protocols differ substan-
tially between studies, automation may be perceived as requiring a near,
complete reinvention for each new experiment, further limiting its appeal.
Finally, many optical tweezers experiments do not require large amounts of
data, which reduces the benefits of automation.

4.3 Building an autonomous system

As noted in Paper II, when building an autonomous (optical tweezers) sys-
tem three key components are needed: firstly a system which can be auto-
mated; second sophisticated data analysis running in real time; and lastly
automation algorithms based on real-time feedback.

4.3.1 Designing an automation-ready instrument

The key for building an automation-ready system, such as the SmartTrap,
is to ensure that it is designed in such a way that all components needed to
perform multiple consecutive experiments can be operated using a computer.
In our case, we made sure that all proprietary controllers were directly
compatible with the Python programming language. This is convenient,
since Python is widely used in machine learning which in turn is used heavily
in the image analysis, but direct Python integration is not strictly necessary.
As long as the different subsystems are controllable by a computer one can
generally make them work with almost any program by putting in a bit
more work to create a compatibility layer, e.g. Python programs can call
on LabVIEW scripts and vice versa.

I highly recommend starting with making sure that multiple experiments
can be performed consecutively and remotely, without needing to enter the
lab. This ensures that the system is in principle possible to use for au-
tonomous experiments. By doing this before starting with the programming
one reduces the risk of needing to physically redesign the system at a later
stage and then also needing to reprogram it.

Some parts of a system may be challenging to control digitally (e.g.,
alignment mirrors in our case), but the more the better and it is worth



4.3. BUILDING AN AUTONOMOUS SYSTEM 61

keeping in mind that even just automating parts of a procedure can lead to
significant productivity gains.

4.3.2 Advanced analysis for real-time applications

The data analysis is needed to make sense of the sensor readings, and in
the case of optical tweezers, it is the camera and therefore image analysis
which is most crucial. This is needed to determine where particles are, and
if one is trapped. Importantly, it is not only the camera that is used. For
instance, the force readings are necessary to understand if a molecule has
attached during an experiment.

The requirements of real-time analysis differ somewhat from those of an-
alyzing previously acquired data. Firstly, high speed is needed to provide
feedback quickly. What counts as ‘fast enough’ varies between applications,
but as a rule of thumb it should be below 0.1s, comparable to the reac-
tion time of a human operator. Crucially, it is the latency that must be
minimized. In non-real-time machine learning, data is typically processed
in batches—for example, a network may analyze hundreds or thousands of
images simultaneously. This approach allows very high throughput through
massive parallelization. However, batch processing inherently increases la-
tency. As an example; a system capable of analyzing 1000 consecutively
captured images per second with a l-second latency may be less effective
for automation than one analyzing only 2 images per second but with a
0.5-second latency, since the latter can act on more recent data.

Second, the analysis needs to be robust to noise. Otherwise it will soon
run into trouble when operating. For instance, a risk of 1% of missing a
particle detection means that within just a few seconds the system is likely
to think that it has lost a particle. In the SmartTrap this is overcome in part
by looking at several detections and only if multiple consecutive predictions
agree that a particle is missing acting on it.

However, a real-time analysis is not more demanding than a post aqui-
sition analysis in all aspects. Oftentimes there is no need to analyze all the
data in real-time for a real-time application, it can be saved for later. Again,
taking the SmartTrap as an example, if the framerate of the camera exceeds
that of the analysis then not all frames are analyzed. Also, some precision
can be sacrificed to achieve high speed and robustness. The real-time track-
ing in Paper II is a case in point here, it operates at ca 20 Hz with inferior
precision compared to a U-Net. But, being much faster and less sensitive
to particle size and focal position, means that it performs better than the
U-Net for this application.
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Looking forward, it is likely that machine learning will take an increas-
ingly large role in the analysis, as we discussed in Paper I. It also seems
likely that specialized hardware, such as FPGAs, will be used for some of
the feedback algorithms to decrease the latency, which comes from sending
data between different computing devices.

4.3.3 Automation algorithms

To automate advanced applications, equally sophisticated algorithms are re-
quired. In the simplest case, these algorithms follow a fixed protocol with-
out feedback, so called open-loop control. For example, a particle might be
moved at a constant speed between two predetermined positions without re-
gard for whether it is trapped. In more complex scenarios, such as moving a
trapped particle between other moving particles, more advanced algorithms
are needed which make use of feedback signals in closed-loop control. These
algorithms must react to events in real time, and they must do so quickly.
For some problems, there are ready-made feedback algorithms, such as the
proportional-integral-derivative (PID) control algorithm [106]. However,
when there is a large range of possible actions, the challenge lies in deciding
what to do in each specific situation, and often custom decision algorithms
are needed.

We use the autonomous DNA pulling experiment as an example of what
the decision process can look like, the flow of the algorithm is illustrated
in fig. 4.2. The algorithm continuously returns to a standard position from
which decisions are taken to follow one of four paths. Which path is followed
depends on if there is a particle in the optical trap, and if there is one the
pipette or not, as illustrated by the particles with question marks. The four
different paths correspond to the four different possible outcomes of these
two checks as outlined in table 4.1.

Table 4.1: Possible outcomes of the check in fig. 4.2 whether there is a
particle trapped and one in the pipette. There are four possible outcomes
of the check and therefore four different actions that may be taken.

Trapped | Pipette Action
No No Collect SA particle
Yes No Put particle in pipette
No Yes Collect DNA particle
Yes Yes Initiate experiment
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However, the algorithm is more complex than what fig. 4.2 gives the
impression of. Many of the single steps are themselves feedback loops with
decision processes. The algorithm used to trap a particle (once near the
correct capillary opening) and the one used for attaching molecules are ex-
amples of this. The trapping algorithm is illustrated in fig. 4.3. The loop
starts by checking if a particle is trapped, if that is the case, then it termi-
nates. A particle is considered trapped if it is sufficiently close to the optical
trap. If no particle is trapped, it checks if there are particles in view. If there
is a flow from the capillary, this is turned off, and the instrument moves to
trap the nearest particle. Thereafter, it returns to the starting point of the
loop. If there are no particles in view the instrument will move back to the
capillary opening (it may have moved away if a previous trapping attempt
failed). Then it will turn on the flow of particles and return to the starting
point of the loop.

These algorithms are run in the same loop as the tracking to avoid syn-
chronization problems which could arise from acting on outdated data which
would otherwise risk the system for instance moving twice the distance
needed to trap a particle. This particle trapping algorithm is a typical
example of a subroutine that can be re-used for different autonomous appli-
cations and which also with a slight change of parameters can be adapted
for other purposes. In the red-blood cells experiment of Paper II, which
was performed using only the main microfluidics chamber, the flow from the
capillary was replaced with the flow of the main channel. By removing the
optical trap from the system it can instead be used to keep a freely diffusing
particle in the center of the screen.

There is a key difference when working with real-time systems compared
to much of the programming performed in research, such as simulations
and data analysis, namely that the programs must run continuously. This
means data used to make decisions come in gradually as the program runs
and all different data needed may not be available at the same time (e.g.,
may need to wait for the camera to take a picture even if the force is already
measured). Furthermore, one needs to be able to safely cancel operations
without stopping the entire program. Stopping at the wrong stage of a
procedure may lead to damages, for instance by leaving the instrument
turned on with high pressure or while trying to move the sample chamber
towards the objectives. This is absolutely essential to take into account when
programming an autonomous system which will continuously act based on
its inputs.

Testing of systems that operate with physical systems is significantly
more challenging than testing a system with purely digital inputs (e.g. a
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pure simulation). This makes working with a system that will control a
device operating in the real-world more challenging than developing an al-
gorithm that runs in a purely simulated environment (e.g. a video game).
Because of this, many choose to develop specific test environments purely
for the purpose of testing their algorithms substituting real-world inputs.
In the case of the MiniTweezers, developing a dedicated test environment
was deemed too time consuming. Instead, various strategies were used to
simplify development and testing. Essential for testing was to break the pro-
cedures into subroutines, as discussed before, each of which can be tested and
optimized separately. This has the added advantage of making the subrou-
tines (such as trapping and alignment) more reusable. It is also something
that I can strongly recommend for anyone seeking to develop their own au-
tonomous system. Also, drawing up a flowchart describing the algorithm,
similar to fig. 4.2, can help giving an overview and identifying the various
subroutines needed.
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Figure 4.2: Automation flow of a single-molecule experiment. A
simplified flow-chart describing the decision process in the autonomous ex-
periment. After an initial configuration the system focuses the pipette and
thereafter checks if there is a particle in the pipette and if there is one in the
trap. There are four possible outcomes of these checks which results in four
different actions; trap a SA particle, put the trapped particle in the pipette,
trap a DNA particle and try to attach molecule. After each of these action
paths have been finished the system reverts back to checking the pipette. b
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Figure 4.3: Flow chart illustrating the algorithm used for trapping
particles. The algorithm starts by checking if a particle is trapped which
is done by checking if there is a particle close enough to the optical trap.
Next it will look for particles in view that are not trapped. If there are any,
it turn off the flow of particles and will move towards the closest one in view
before returning to the start state. If there are no particles in view it, will
move towards the capillary and start the flow of particles. The loop finishes
once a particle is trapped.
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Conclusions and outlook

During my PhD machine learning, and deep learning in particular, went
from being applied in only a handful of niche problems to becoming a main-
stream tool in research and technology. When Paper 1 was published, we
predicted that deep learning would continue to find new applications in op-
tical tweezers. This prediction seems to have been correct, not only are our
own developments in Paper II an indication of this, but there are also several
new works that apply machine learning to enhance optical tweezers experi-
ments, for instance for counting and classification [100-102]. The rapid pace
of progress suggests that this trend will continue.

In Paper II, we presented what might be the most advanced autonomous
optical tweezers system developed to date. This system will only become
more powerful over time, reducing the risk of experimental mishaps (such
as lost particles), while further increasing throughput, reproducibility, and
robustness. While obvious improvements can be made by boosting pro-
cessing speed, tracking accuracy, and stage control, there are also hardware
limitations that could be addressed. For instance, the reliance on a mi-
cropipette for fixing a reference particle is often problematic, requiring care-
ful 3D alignment and being prone to clogging. Improvements here would
simplify protocols considerably, for instance, by using a system with two
optical traps.

On the software side, more sophisticated control algorithms could expand
the range of feasible experiments and reduce the chance of costly mistakes.
An open question is whether neural network—based controllers, such as deep
reinforcement learning agents [107], could offer superior performance; how-
ever, I concluded that such an approach was not practical during my PhD

67
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(largely due to the lack of an adequate simulation environment for train-
ing) the progress in reinforcement learning elsewhere suggests that, given
sufficient resources, such an approach may indeed become viable in the near
future. Especially considering that such agents have been able to master
complex video games such as Minecraft and StarCraft I [108,109]. For
now, our modular automation framework, based on independent subrou-
tines for trapping, alignment, and measurement initiation, etc, provides an
efficient and flexible architecture. It allows new experimental protocols to
be assembled rapidly from tested building blocks.

This modularity is already being used in collaborations to implement new
autonomous protocols, particularly for studying protein folding and motor
proteins, which will be a central part my colleague of Aarén Domenzain’s
PhD work. Another promising direction is to adapt these protocols to op-
erate on other optical tweezers platforms, which could accelerate adoption
across labs. Importantly, autonomous protocols may also facilitate indus-
trial use of optical tweezers, where the major bottleneck is currently the
challenge of collecting sufficiently large datasets for optical tweezers to be
relevant [54]. This challenge is well known in single-molecule research, where
the intrinsic heterogeneity of the systems means that robust conclusions of-
ten demand large datasets [49]. In this sense, automation is not just a
convenience but a necessity for moving the field forward.

In Paper III, we turned to colloidal physics and introduced a novel ap-
proach for studying adsorption and desorption at liquid-liquid interfaces.
The use of optical tweezers for analyzing colloidal interactions goes back a
long way [70]. Our direct visualization of adsorption and desorption pro-
cesses using force measurements was possible because of the particular de-
sign choices made in the SmartTrap system, especially the relatively low NA
of the trapping lasers, which reduced interference with bubbles. A natural
next step is to systematically vary parameters such as bubble size, ionic
strength, and temperature to more fully map the adsorption dynamics. The
discovery of reversible adsorption was particularly striking, and our choice
to model it using a worm-like chain framework was motivated by the similar-
ity of the measured curves to those observed in single-molecule experiments.
This reversible attachment hints that aggregation in such systems may be
reversible and relatively weak. However, it is worth noting that we are
still working on the paper, so we need to be careful about drawing too far
reaching conclusions.

From a methodological standpoint, these experiments also highlight the
challenges that arise when developing entirely new measurement techniques.
The extreme stickiness of the particles meant that automation was imprac-
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tical at the time, but in retrospect, a partial automation—such as automatic
estimation of bubble size and focus—would have improved reproducibility
and throughput. Looking forward, combining advanced control with the
ability to probe how a single particle responds to environmental changes
(e.g. pH, salinity, or temperature) could open new avenues in colloidal sci-
ence.

Finally, in Paper IV we addressed a central technical problem: how to
reliably calibrate force measurements under non-ideal conditions. The meth-
ods we developed are particularly valuable for trapping particles that are
difficult to observe directly, such as small fluorescent particles or molecules,
and thus broaden the scope of conditions under which optical tweezers can
yield meaningful results. This methodological advance is widely applicable
and will help ensure that force spectroscopy remains useful even in experi-
mentally challenging regimes.

Together, the four papers in this thesis showcase both the versatility,
and the future potential, of optical tweezers. From automation to novel
applications in colloidal science, to robust methods for calibration, the work
points toward a future where optical tweezers are not only more powerful
but also more accessible. The rise of automation will be central in bridging
the gap between single-particle precision and large-scale ensemble studies,
enabling optical tweezers to contribute meaningfully to fields as diverse as
biophysics, materials science, and industrial research.

A common thread running through this thesis is the idea of scalability: of
methods, of experiments, and of insight. Automation and machine learning
promise to scale up the complexity and throughput of experiments; robust
calibration extends the range of conditions where tweezers can be applied;
and novel protocols expand the scientific questions that can be asked. These
developments suggest that the next decades may see optical tweezers move
from being a highly specialized tool to becoming broadly adopted also in
practical applications and in more fields of research, and perhaps also in
industry.
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