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Optical tweezers are widely used in single-molecule biophysics, cell
biomechanics and soft matter physics, but require a human operator,
limiting throughput and repeatability. Here we present a smart optical
tweezers platform, named SmartTrap, capable of performing complex
experiments autonomously by integrating real-time three-dimensional
particle tracking, custom electronics and a microfluidics system. Through
aseries of experiments, we demonstrate it can operate continuously,
acquiring high-precision data over extended periods of time. By bridging
the gap between manual experimentation and autonomous operation,
SmartTrap establishes arobust and open-source framework for the next
generation of optical tweezers research, capable of performing large-scale
studies in single-molecule biophysics, cell mechanics and colloidal science
with minimal experimental overhead and operator bias.

Artificial intelligence (Al) has advanced at a staggering pace and has
resulted in novel tools from conversational chatbots to foundation
models such as AlphaFold, which has revolutionized automated pro-
teinstructure prediction and design'>. Although such breakthroughs
have benefited many computational domains, the integration of Al
into experimental sciences still faces major hurdles, not least due to
variability between experimental protocols®.

Optical tweezersstarted with Ashkin’s demonstration of particle
trapping by radiation pressure in 1970 (ref. 5) and of a single-beam

optical trap in 1986 (ref. 6). They have found use in a broad range of
fields, from physics to biology and chemistry, to exert and measure
microscopic forces’. For example, in physics, they have been used for
trapping and manipulating microscopic particles, enabling precise
studies of soft matter and nonequilibrium dynamics®’. In biophysics,
they have enabled precision measurements of the forces involved in
the stretching of single molecules™, of the forces generated by bio-
molecular motors" and of the mechanical properties of membranes™.
In colloidal chemistry, optical tweezers have proven invaluable for
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probing interparticle interactions®, critical Casimir forces' and
depletion interactions”.

Optical tweezers excel at manipulating single objects with high
specificity, accuracy and resolution. This makes them the most pre-
cise force spectroscopy technique available and is what enables the
direct characterization of energy processes and thermodynamics at
the single-molecule level, with measurement accuracies reaching
about 0.1 kcal mol™—exceeding those of alternative high-throughput
approaches'®. However, this inherent focus on single-object manipu-
lation limits throughput and represents one of the main drawbacks
of the technique. Experiments are conducted on one particle,
molecule or cell at a time, typically requiring continuous supervi-
sion by a trained practitioner. Furthermore, this dependence on
manual operation greatly increases the time and cost of collecting
large datasets, while also introducing the potential for human bias,
reducing reproducibility.

Thefieldis starting to move away from manual operationinlarge
part thanks to the rise of deep learning”, which has recently been
used to enhance optical tweezers'®. Various aspects of optical twee-
zers’ experimental procedures have been automated. For example,
automated optical tweezers have been used to position particles with
high precision to construct crystal-like structures', and acombination
of real-time image analysis and machine learning has been used to
automatically trap and classify particles®. However, to date, precision
measurements, such as experiments with single molecules, single cells
and individual colloidal interactions, have been out of reach for fully
autonomous procedures because of their complexity. Still, it would
be valuable to increase throughput, especially for complex experi-
ments such as single-molecule experiments, where data are challeng-
ing to gather'®. Automation would also be ideal for studying rare or
transient events, such as misfolding of proteins, and for sampling of
heterogeneous distributions.

Here, we present SmartTrap, a smart and open-source optical
tweezers platform designed to perform advanced experiments without
humanintervention. This is achieved through completely digital con-
trol over experimental procedures and smart event-driven algorithms.
Digital controlis made possible by integrating custom-built electron-
ics, microfluidics and optical controls into a single software system.
Combining this with real-time deep-learning-based image analysis
and closed-loop feedback algorithms enables SmartTrap to react to
events and perform complex experimental procedures autonomously.
We demonstrate the versatility of SmartTrap across four experiments,
whichare well known and widely studied inthe literature but have never
been fully automated: particle size characterization, single-molecule
DNA stretching to observe force-induced overstretching transitions,
optical deformation of red blood cells to probe membrane stiffness
and measurement of electrostatic forces between colloidal particles
to characterize short-range interactions. By making both software
and hardware open source, we aim to inspire others to use and build
on SmartTrap, thus establishing a framework for smart optical twee-
zers, with a variety of applications in biophysics, cell mechanics and
colloidal science.

Results

The optical tweezers system

The SmartTrap optical tweezers system utilizes two counterpropagat-
inglaserstocreate anoptical trap, with forces measured directly from
the momentum change of the trapping beams?. We developed a custom
electronics controller for this system, which controls the positioning
of the lasers and sample stage while simultaneously measuring the
positionand deflection of the lasers. SmartTrap also integrates micro-
fluidic pumps, laser power controls and a digital camerainto a single
control software. A more detailed description of the instrument can
be found in the ‘Optical tweezers system’ section of Methods, while
the key features are outlined below.

TheSmartTrap setupisillustratedin Fig. 1. It uses a counterpropa-
gating arrangement, which is best understood by following the path
of laser A. The laser exits the optical fiber through a wiggler. This is a
customactuator designed for two-dimensional positioning of the laser
by tilting (wiggling) the optical fiber using piezoelectric actuators, thus
moving the lasers in the plane of the sample; see the ‘Laser wigglers’
sectionin Methods. A position-sensitive detector (PSD) placed before
the sample (‘Position detector A’) detects the position of the laser,
providing a signal that can be exploited in a feedback loop. After the
sample,asecond PSD (‘Force detector A’) measures the deflection of the
laser caused by the optically trapped object allowing the measurement
of the lateral momentum transfer and, therefore, the lateral optical
force. A photodiode with aniris (‘Iris A’) measures the size of the laser
spot, whichis used to determine the force acting on the particle along
the axial direction. Laser B follows a path that mirrors that of laser A.
Lasers A and B together form a counterpropagating optical tweezers
thatstably traps particles while directly measuring the trapping force?.
In this configuration, the laser beam diameters are smaller than the
back apertures of the objective lenses. This ensures that all the light
passes through thelenses and enables the light-momentum approach
to force measurement. Conversely, the gradient force is weaker than
whenthelaser beamis larger than the back aperture, acondition that
does not permit trapping with a single beam.

The system uses a custom microfluidic chamber with three parallel
channels (Extended DataFig.1a). The experiments are performedin the
central channel; there are also two side channels that carry the different
particles and are connected to the central channel through capillaries.
Byincreasingthe flowinaside channel, particles are dispensed into the
central one. The microfluidic chamber also contains a micropipette,
connected to a digitally controlled pump, with the tip of the pipette
positioned in the middle of the central channel. During experiments
withtwo particles, one of the particles is held by the micropipette using
suction (Extended Data Fig. 1b).

The customelectronic controller steers the sample stage and the
positions of the lasers, while also reading the various photosensors.
This enables us to implement simple feedback algorithms directly
on the controller, for example, to move the trap at constant speed
until a certain force value is reached. The latency of algorithms run
on the controller is very low (circa 0.1 ms), resulting in faster feed-
back thanwhen sending commands from the computer (circal0 ms).
This controller communicates with the host computer using a serial
USB protocol and connects with a standard USB-C cable. The laser
power supplies and the microfluidic pump are controlled by separate
commercial controllers.

Allthe controllers, the photodiodes and the camera are connected
to a host computer running a custom Python program providing a
graphical user interface (GUI). This provides the user with full digital
monitoring and control of the SmartTrap and enables synchronized
control of its different components. Further details on the software
and electronics are outlined in ‘Optical tweezers system’ in Methods.

Real-time image analysis

To automate the experimental procedures, it is essential to analyze
the video feed from the camera. We implemented this analysis on the
host computer using deep learning because of its precision, versatility
and speed®.

Thefirst step of theimage analysis consists of detecting the pres-
ence of the particles and the pipette. This is done using an artificial
neural network utilizing the You Only Look Once (YOLO) object detec-
tion framework® and, in particular, YOLO V5 (ref. 24). We chose YOLO
because it is the best approach we have tried for detecting both the
micropipette and the particles. We trained the network using a dataset
consisting primarily of synthetic images simulated using the Deep-
Track2 software package®*, for which the ground truth is known
exactly. Furthermore, we also included 1,000 manually annotated
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Fig.1|SmartTrap setup. a, 3D illustration of the SmartTrap optical tweezers
instrument and control system. The instrument isin the front and the control
system behind it with the computer and interface on the right and the controllers
on the left. b, Schematics of the optics. Lasers A and B follow mirrored pathways
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and form a counterpropagating optical trap in the sample. Along each laser path,
there are two two-dimensional PSDs: the first monitors the laser position and the
second measures the force from the laser on trapped objects from the scattered
light. PBS, polarizing beam splitter; LED, light emitting diode.

experimental images because this improved the detection accuracy,
which we attribute to challenges in accurately simulating a micropi-
pette. Exampleimages from the training dataset, including the targets,
areshownin Extended DataFig.2. The network predictions consist of
bounding boxes around the objects of interest. The sizes of the boxes
give an estimate of the particle sizes and the extent of the micropi-
pette. The centers of the boxes provide the positions of the particles
in the xy-directions. Also, thanks to the versatility of this approach,
the SmartTrap can easily handle nonspherical particles or objects (as
illustrated by the pipette detection), requiring only a quick retraining
of the YOLO network.

For many experiments, the optically trapped particle and the
particle held in the pipette need to be in the same plane along the
z-direction (axial direction). This means that the relative axial position
of thetwo particles needs to be accurately estimated. We did this using
a convolutional neural network trained with images of the particles
simulated with the DeepTrack2 package®>* (Extended Data Fig. 3).
The convolutional network performs its predictions taking as input
a128 x 128-pixel image of the particle centered on the bounding box
determined using the YOLO algorithm. The network predicts the
position of the particles in arbitrary units allowing the alignment

feedback algorithm to match the predictions of the particle in the
trap to the particle held by the pipette by moving the sample along
the z-direction. Example predictions for particles in the size range
used for the experiments (from 2 pm to 4 pmin diameter) are shown
in Extended Data Fig. 4 and the performance of the networks is shown
inSupplementary Video 1.

The z-prediction also serves a second purpose in determining
whether a second particle has entered the trap. If a second particle
enters the trap, this will displace the trapped particle along the z axis
inthe trap leading to a shiftin the z-predictions, whichis used to deter-
mineifthe system has accidentally trapped more than one particle.

Finally, we highlight that users can easily implement their own
real-time image analysis method in the SmartTrap software with an
easy-to-use user interface while maintaining fully automated processes.
Further details on the neural networks used and how they are trained
aredescribed in ‘Artificial neural networks’ in Methods.

Feedback algorithms

To achieve fullautonomous operation, the SmartTrap is controlled by
custom algorithms that use the readings from the various sensors for
real-time feedback and to keep track of what stage of the experiment
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Fig. 2| Algorithms used for automation. a, Data processing feedback loop.
After acquisition (step 1), data are processed (step 2) to extract information
about the experiment. This information is then used to make a decision about
what to do next (step 3), whichis then executed by the instrument (step 4).

b, Neural networks used in the image analysis. First, the objects of interest
arelocated with YOLO. Then, the z-positions of the particles are determined
with the help of a convolutional neural network (CNN). ¢, Main steps of an
autonomous DNA pulling experiment executed with SmartTrap. It starts with a
configuration procedure (step 0), followed by the system investigating whether
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thereis a particlein the pipette and the optical trap (step 1). Step 2 is getting the
streptavidin (SA) particle followed by step 3 when the particle is held by suction
into the pipette. In step 4, the particle with attached DNA is collected. In step 5,
the system tries to attach the DNA by gently pushing the particles together. Once
aDNA moleculeis detected, the system performs the pulling experiment (step
6). When the experiment is finished, the system replaces the DNA particle by
flushing the chamber with buffer solution and returning to step 4. The brightness
and contrast of the microscopy images have been increased for greater clarity.

is being executed. This forms a closed-loop system consisting of four
primary steps, asillustrated in Fig. 2a:

(1) Data acquisition: Data are acquired by reading the various sen-
sors (PSDs, photodiodes and camera) and the positions of the
motors.

(2) Data processing: The latest data are processed to extract the
necessary information, such as the location of the particles, the
locations of the lasers and whether a force is acting on the op-
tically trapped particle. Image analysis is performed using the
neural networks as illustrated in Fig. 2b.

(3) Control logic: The processed information is used by the host
computer to detect events (for example, a particle entering the
trap), enabling it to decide what to do next based on which part
of the experimental procedure is being performed, asillustrated
for the case of a DNA pulling experiment in Fig. 2c. The decision
process is customized for different experiments but many build-
ing blocks remain the same (for example, trapping of particles,
alignment).

(4) Command execution: Commands issued by the control logic
are executed by the system, for instance to move the sample
stage to a target position to trap a particle.

Importantly, the dataacquisition and the command executionare
performed asynchronously with the control logic by acombination of
different threads and processes in Python. This makes it possible to
sample and record datafrom the various sensors, including the camera,
atfrequencies higher than what the networks can analyze inreal time.

When run on a computer with a Nvidia RTX 3090 graphics card,
the decision process, including the image analysis, typically operates
atabout 20 Hz, which is sufficient for real-time feedback and compa-
rable to the camera (Basler a2A5320-23umBAS) frame rate of around
23 frames per second when recording at full frame. The vast majority
of the computational time in each decision is spent analyzing the
images. Therefore, the feedback rate will depend on the field of view
and how many particles are visible, as more particles in view mean that
the z-network needs to perform more predictions. We also found that a
large proportion of the analysisis due tolatency in sending images and
results to and from the graphics processing unit by observing only a
50%increase in processing time for the YOLO network when two images
inabatch are processed compared to one. The process is sufficiently
fast to autonomously perform experiments and much faster than the
typical human reaction time?,

Particle characterization
Optical tweezers are well suited for precision sorting because they
can manipulate diverse samplesinanon-contact manner and provide
avariety of input signals about the trapped object. Here, we present
an event-driven approach that rapidly characterizes particles using
real-timeimage analysis and force measurements. We use a mixture of
two particles, where we identify the particles of one type using real-time
image analysis and measure their hydrodynamic radius.

The mixture consists of particles with two different size distri-
butions: particles with r=2.12 pm + 0.05 um (MicroParticles PS-R
4.2, PS/Q-R-B1198) and particles with a radii range of 1.0-1.5 um
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Fig. 3| Size distribution of particles. The hydrodynamic radius was measured
tobe2.11 pum = 0.04 pm where the error is the standard deviation of the
measurements. The average radius (solid line) and the manufacturer’s specified
value (dashed line) are shownin the histogram.

(Spherotech SVP-20-5). The particles are washed before use, and their
concentrationsadjusted to obtainaratio of about 5:1 (small:large). The
larger particles are then selected with the help of the bounding boxes
obtained from YOLO, and their hydrodynamic radius is measured using
the Stokes drag method described in ‘Calibration’ in Methods, moving
trapped particles at constant speed in the sample using the motors
while measuring the force. To calculate the hydrodynamic radius, we
use equation (2) from Methods.

To performthis experiment, the SmartTrapisinstructed to auton-
omously follow these main steps:

(1) Trap a particle: Trapping a particle begins by positioning the
fluidics chamber using the motors so that the appropriate cap-
illary tube opening is near the optical trap. The microfluidic
pump is then used to create a flow of particles from the capillary
into the main channel. Once a particle comes into view, the mo-
tors move to position the optical trap on the particle. This hap-
pens in a loop, so if the particle moves due to the flow from the
capillary, the target position is updated accordingly. If there are
several particles in view, the closest one is chosen. Once a parti-
cle is trapped, the flow is turned off and the trapped particle is
brought back to the pipette.

(2) Select large particles: If the trapped particle is smaller than
a predefined threshold, the system immediately proceeds to
step 4 to release it. The size is obtained from the prediction of
the YOLO bounding box. This is checked after trapping the par-
ticle, since determining the size of particles far from focus is
challenging.

(3) Measure the hydrodynamic radius: The sample is moved be-
tween predetermined positions using the motors. This drags the
trapped particle through the fluid and generates a drag force.
From this force, the hydrodynamic radius is calculated using
equation (2). The relative fluid velocity is determined from the
recorded motor movement speed.

(4) Drop the particle: The trapped particle is released by flushing
the central chamber with a strong flow. The system then returns
tostep 1torepeat the process and measure the radius of another
particle.

We tested the SmartTrap with this protocol and had it run con-
tinuously for 4.5 h. During this time, 938 particles were trapped, 159

of which were large. Of these, 15 measurements failed due to trapping
more than one particle, leaving 144 for the analysis. The results of the
analysis are showninFig. 3. The autonomous protocol was terminated
when the system ran out of particles.

Thereisgood agreement between the measured radius of 2.11 pm
+0.04 pm and the manufacturer’s specification of 2.12 pm + 0.05 pm,
demonstrating that the selection algorithm effectively separates the
larger particles from the smaller ones. The selectionis fast and typically
takeslessthanasecond. Ifthe trapped particleis not correct, itisimme-
diately dropped. The total throughput depends on the parameters of
the system (duration of measurement and concentrations of particles
being key parameters); in the measurement reported in Fig. 3, more
than 200 particles per hour were investigated and the hydrodynamic
radius was measured for about 30 particles per hour.

DNA pulling

Understanding the structural and mechanical properties of bio-
molecules is essential to mapping their roles in biological systems.
Single-molecule techniques have been transformative in probing
transient states—such as protein and nucleic acid folding—and in
revealing physical properties (for example, stiffness and binding
interactions) typically obscured in bulk measurements, thereby
illuminating processes like DNA replication, transcription and chro-
matin organization” >, Single-molecule force spectroscopy experi-
ments specifically reveal how molecular conformations change in
response to an applied force. Optical tweezers are especially well
suited for these measurements because of their high spatial and tem-
poral resolution. Among the most fundamental of such experiments
is DNA pulling, where the extension dynamics of a double-stranded
DNA (dsDNA) molecule is measured as force is applied. This experi-
ment helped establish that DNA can be accurately modeled using the
extensible worm-like chain (WLC) model®*. Although the details vary
across different experiments, the core steps—tethering the molecule
between two particles, controlling the distance between them and
measuring the force as a function of extension—are shared by many
single-molecule experiments, making the DNA pulling assay a typical
force spectroscopy measurement.

A DNA pulling experiment is performed by tethering a DNA mol-
ecule (inour experiment, afragment of aA-DNA molecule with alength
of 4 pm) between two particles and measuring the force acting on the
DNA molecule while the particles are pulled apart (Fig. 4a). One particle
is held still by a micropipette while the optically trapped particle acts
like a force probe while also being moved back and forth to stretch
the molecule.

The automated DNA pulling experiment starts with a configura-
tion routine executed by the user (step O in Fig. 2c). First, the user
indicates to the software the positions of the pipette and the side
capillaries by manually locating their openingsin the chamber. These
positions are saved with asingle click as motor encoder positions. The
user then needs to indicate which channel of the pump is connected
to which channel of the fluidics chamber; this tells the system which
pump channelto activate tostart the flow of particles of aspecific type.

Oncetheinitial configurationis finished, the automated DNA pull-
ing experiment consists of six steps, as illustrated in Fig. 2c:

(1) Check pipette and trap: The algorithm determines whether a
particle is present in the optical trap or in the pipette by check-
ing if any particle is located within a prescribed distance of the
estimated laser position or the pipette tip, respectively. Assum-
ing that it is the start of the procedure, there will be nothing in
either the trap or the pipette.

(2) Trap streptavidin particle: The program traps a streptavidin-
coated particle, which will be held by the pipette. This is done
in the same way as in the particle characterization experiment,
but importantly the system goes to the capillary connected to
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Fig. 4| DNA pulling experiment. a, Illustration of a DNA pulling experiment. The
DNA molecule is attached between two particles. One of the particles is kept fixed
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b, Force-extension curves from the experiment (solid lines) and the extensible
WLC model (dashed line). Both the stretching (blue line) and relaxation (red line)
ofthe molecule are shown. The measurement is aligned with the model to have
the same extension when the force is 30 pN. The stretching and relaxation mostly
overlap, apart from where there is hysteresis showing as an early drop of the force
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during the relaxation. At small extensions, the molecule exerts a low force and is
slightly coiled (panellina). As the extension approaches the contour length of
the molecule, the molecule straightens out causing the force to increase sharply
with the distance (panel 2 in a); this behavior is well described by the extensible
WLC model. Atapproximately 65 pN, the molecule overstretches (panel 3ina).
The extension of the molecule is calculated using the optical trap stiffness as
outlined in the DNA pulling section of ‘DNA pulling experiment’ in Methods.

the channel with streptavidin-coated particles and brings the
trapped particle back to the pipette.

(3) Suck into pipette: With a streptavidin-coated particle trapped
and positioned near the pipette, the next step is to catch it with
the pipette. The tip of the pipette is located using the YOLO al-
gorithm. The trapped particle is then approached to the tip, first
using the motors for rough alignment, and then the wigglers
to finely adjust the laser position. Once the particle is within a
few microns from the tip, the pump connected to the pipette is
briefly turned on creating a flow into the pipette and sucking the
particle firmly into the tip. Thereafter, the program goes back to
the saved position near the pipette to ensure that the particle is
now in the pipette; if it is not, it will try again.

(4) Trap DNA particle: Next, the particle with DNA molecules is
trapped using the same method as for the first streptavidin-
coated particle but instead going to the capillary containing the
particles with DNA.

(5) Attach DNA: Once a streptavidin-coated particle is in the pi-
pette and a DNA particle is trapped near the pipette, it is time to
get the DNA to attach to the streptavidin-coated particle. This
is done by first positioning the trapped particle above the one
in the pipette using the motors and position feedback. Next,
the system aligns the focus of the two particles by adjusting the
z-position of the chambers so that the z-positions of the parti-
cles, as predicted by the convolutional network, match. Then,
they are aligned, also in the x-direction (perpendicular to the
pipette) with the help of the wigglers, which provide superior
precision to the motors.

After this initial alignment, the particle in the trap is gently
approached to the one in the pipette using the wigglers. This is
done until there is a weak repulsive force between the particles
(about 5 pN), indicating that the trapped particleis being pushed
out of the trap by the streptavidin-coated particle in the pipette.
Thereafter, the particles are separated, also using the wigglers. If
things go well, then one DNA molecule on the trapped particle will
have attached to the streptavidin-coated particle in the pipette.

To checkwhether amoleculeis attached, the two particles are
separated and, if thereis aforce at large particle-particle separa-
tion, thisindicates that amolecule is attached. For the cut A-DNA
molecules, thismeansaforce of at least 60 pNatadistance of 4 pm
ormore. Thisisbecause we expect aforce plateau atapproximately
65 pN for extensions greater than 4 umwhere DNA overstretches®.
These numbers can be adjusted to better suit other molecules,
providing an easy pathway to automate other similar experiments.
Also, ifthe system detects aforce alongadirection other thanthe
pulling direction (which can occur if the molecule does not bind to
thetop of the particle inthe pipette), it willadjust the particle posi-
tiontoreducethisforce and ensure astraight molecule extension.

(6) Perform experiment: Finally, a pulling protocol is loaded onto
the microcontroller. This protocol is a set of instructions that
are repeated by the controller: moving the optical trap between
two positions at a set speed to pull the molecule. The protocol
is run on the microcontroller because it can update the trap po-
sition at a rate of 7 kHz, much faster than the communication
with the host computer, ensuring a smooth motion of the trap.
To find the upper limit of the separation, that is, the maximum
distance between the particle in the pipette and the optically
trapped particle, an upper force threshold is set, while a mini-
mum separation distance between the particles is set to a spe-
cific value. Once this pulling protocol starts, the host computer
also starts recording data. The protocol will repeatedly separate
the particles to stretch the molecule and thereafter let it relax.
This is repeated for a user-specified duration of time, which we
have set to 10 min.

Ifthe molecule, or one of the tethers, is broken before the set
time has elapsed, the protocol and data recording will be stopped
andthe systemwill revert totrying to attachamolecule. Ifthe mol-
ecule does not break, the protocol will stop automatically when
thetimelimitisreached. The particleis thenremoved by flushing
the central chamber with buffer solution for a few seconds and
the experimentis repeated with another particle. Because there
arenomolecules attached to the streptavidin-coated particle, it
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Fig. 5| Optical stretching of red blood cells. a, lllustrations of a trapped red
blood cell. When the trapping power is 5 mW per laser, there is no measurable
stretching, and the cell is near spherical due to the low osmotic pressure. To
theright, there is an experimental image with the dashed blue line showing the
outline of the cell. When the cells are trapped with 80 mW per laser, they stretch
along the propagation axis of the laser. The experimental image in the bottom
right shows an outline of the same cell as above when trapped in low power,
highlighting that the cell has shrunk in the transversal plane. Scale bars, 5 pm.

Laser power (mW)

b, The cross-sectional area of the cells gradually decreases with increasing
trapping power corresponding to their shape becoming more prolate. The error
bars show the standard deviation of the relative areas; 18 red blood cells from
the same sample were used with an average cross-sectional area of 39 + 4 um?as
measured when trapped at 5 mW power. The units are normalized by the size of
the cells when trapped at 5 mW. The brightness and contrast of the microscopy
images have beenincreased for greater clarity.

does not need to be replaced. However, if the flow is sufficiently
strong, the streptavidin-coated particle may also belost, in which
caseitisreplaced by anew streptavidin-coated particle. Toreduce
the risk of this happening, the pipette pump is turned on while
the chamber is being flushed.

Supplementary Video 3 demonstrates how these steps work
in practice.

Inadditionto the general procedure described above, there are
also continuous checks to detect if something goes wrong through-
out the experiment and autonomous procedures to handle such
situations. For example, not all particles have DNA attached, which
is why the program will only try to attach the DNA molecules a lim-
ited number of times (ten) before trying with a different particle.
If instead two DNA molecules get attached, this will show up in the
subsequent analysis as asharperincrease inthe force than expected,
butitdoesnot otherwise change the procedure andis dealt within the
data analysis after the experiment is finished. The presence of more
thanone particleinthe trap is detected by checking if the predicted
z-position deviates from whatis expected from asingle particle. The
program also checks that the trapped particle is not lost throughout
the experiment. These are rare events, which the system handles by
returning to the starting state and, in the case of double-trapped
particles, by also dropping whatisin the trap and flushing the central
channel to remove excess particles.

The number of experiments performed per hour depends onthe
specificexperiment with the likelihood of molecule attaching, particle
concentrations and pulling rate having a large influence. It typically
takesaround 3 minto release the previous particle, trap anew one, align
it,attach amolecule and start performing the pulling protocol. We ran
the DNA pulling protocol until failure to test its ability to collect large
amounts of data (Supplementary Video 3). We found that it can run for
up to 10 h without supervision, mainly limited by the stability of the
particles and the evaporation of the objective immersion water. Dur-
ing this time, 29 different molecules were tested. The results of this are
showninExtended DataFig. 5. The frequency of successful experiments

gradually decreased with time, which we attribute primarily to particle
stability and to aslow decay of the biomolecules at room temperature.

The experiment yields the force as a function of the extension
(Fig. 4b). To estimate the extension, we use the position PSD detec-
tors and the optical trap stiffness (see ‘DNA pulling experiment’ in
Methods). Up until the overstretching, the force-extension curve
canbe modeled by an extensible WLC model (equation (3)). InFig. 4b,
we see that there is excellent agreement between the model and the
data. Because the analysis gives the particle’s position rather than
molecular extension, and as we do not know the precise molecular
attachment point on the fixed pipette particle, our data have been
offset to align with the model and give the same extension for aforce
of 30 pN. There is also some hysteresis when the particles are moved
back dueto force-induced melting of the molecule. Hysteresis is seen
as early drops in the force curve. Lastly, there is a force plateau at
about 65 pN where the molecule overstretches. The plateau is approxi-
mately 2.8 pm long, corresponding to 70% of the contour length of
the molecule, which is in good agreement with previously reported
results for -DNA*.. The results were also consistent between different
molecules asshownin Extended Data Fig. 5 and the comparison to the
WLC model in Extended Data Fig. 6, which contain traces from more
than 500 curves.

Stretching of red blood cells

The mechanical properties of red blood cell membranes are vital to
theirbiological function, as these cells must deform to navigate through
narrow capillaries and withstand the shear forces present in blood
circulation®. Changes in membrane stiffness are associated with condi-
tions such as sickle cell disease and malaria**. Moreover, because red
blood cells lack most internal organelles and cytoskeletal structures,
relatively small forces can induce measurable deformation, making
them highly sensitive probes for mechanical studies®*°. Therefore,
understanding how red blood cell membranes respond to force not
only provides insightinto fundamental biophysical processes but also
has clinicalimplications for diagnosing and treating diseases linked to
abnormal cell rigidity.
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Fig. 6 | Electrostatic interactions between particles. a, Depiction of the
electrostatic interaction experiments across varying salt concentrations.

As the salt concentration increases, so does the screening that reduces the
electrostatic force, illustrated as more ions aggregated around the particles.
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b, Force as afunction of particle-particle distance for various salt
concentrations. The experimental data (dots) agree well with a fit of the
electrostatic force as described by Derjaguin-Landau-Verwey-Overbeek (DLVO)
theory (solid lines).

Tostretchred blood cells, we exploit the fact that the momentum
of light changes when light passes between two media with different
refractive indices, such as the interior of a cell and the surrounding
buffer. This gives rise to aforce acting on the interface thatis directed
normally to itand away from the denser media. For a trapped cell, the
force is directed away from the cell membrane both when the light
enters and exits the cell. By trapping using various laser powers, we are
able to see a clear difference in the shape of the cells. The higher the
trapping power, the more elongated the cells are along the propagation
axis, giving themasmaller cross-section when viewed from the camera.
Our approachis similar to that used in the optical stretcher device®.

For these experiments, human red blood cells are diluted in a
low-osmolarity buffer, making theminflate and become nearly spheri-
cal. The solution is then flown into the microfluidic chamber of the
SmartTrap where the red blood cells are trapped. Initially, the lasers
are set to a low power (approximately 5mW in the sample from each
laser). Then, the power of the two traps is changed simultaneously in
steps up to 80 mW. Trapping at low power establishes a baseline at
which the cells are almost perfectly spherical. At higher laser powers,
this force is greater, which stretches the cells more, decreasing their
cross-sectional area; this stretching isillustrated in Fig. 5a.

These experiments are comparatively easy to automate since they
involve only asingle cell and therefore do not make use of the micropi-
pette. The SmartTrap only needsto trap ared blood celland thenrecord
its profile while the trapping power is changed. The procedure can be
splitinto four main steps (Supplementary Video 4):

(1) Flow cells into the chamber: The flow in the central channel is
briefly turned on, with the aim of bringing cells into view and
removing cells from previous measurements from the optical
trap.

(2) Look for cells: SmartTrap looks for cells within the field of view.
If there are no visible cells, it reverts back to step 1 to flow in
more cells.

(3) Trap a cell: With red blood cells in view, the system proceeds to
trap the closest one. The laser power is set to 5mW so as not to
deform the cells during trapping.

(4) Measure cross-section: The trapping power is changed in steps
while the transversal profiles of the cells are recorded in sepa-
rate videos, one for each power for subsequent analysis. Once

the measurement is finished, the system goes back to step 1.
By briefly turning on the flow in the central channel, the system
guarantees that the same cell is not measured twice.

Performing measurements on a single cell takes 2 to 3 minutes.
Because the cells are nearly spherical and homogeneous, they are
very similar in appearance to the particles used in the DNA experi-
ment, with the primary differences being a lower refractive index
and greater size. Therefore, by just including a few dozen cells in the
training data, the YOLO algorithm s able to detect them. To quantify
the stretching, the cross-sectional area of the cells is monitored by
the cameraand measured using standard image analysis techniques,
specifically a Gaussian filter followed by a threshold that extracts the
areaof the cells.

As shown in Fig. 5b, the cells contract markedly with increasing
laser power. Our results and those of Guck et al.*® are of similar magni-
tude for the same laser power; adirect comparison between different
stretching methods is difficult due to the different trapping geometry.
We also note that the cross-sections of the cells decrease continuously
withincreasing laser power.

Electrostatic interaction between particles

In colloidal sciences, it is essential to measure the interaction forces
between particles (for example, electrostatic, Van der Waals and hydro-
dynamicinteractions) to understand phenomenasuch as self-assembly,
adsorption and aggregation®”**, These interactions have broad indus-
trial applications, for instance, in the food industry, pharmaceuti-
cal industry and water treatment. There are multiple methods for
assessing these interactions, many of which look at bulk solutions,
such as dynamic light scattering and electrophoretic mobility meas-
urements. Optical tweezers enable studying these interactions at the
single-particle level and on the same particles in different conditions
(forexample, temperature, salinity, pH). Electrostaticinteractions, in
particular, are central to stabilizing colloidal suspension by preventing
particles from coming close enough to aggregate®.

To measure the electrostatic repulsion between particles in an
optical tweezers, two particles are brought close to each other, and
their positions and the force acting on them are measured simulta-
neously at varying distances. The configuration we use, as shown in
Fig. 6a, is similar to that used in ref. 39. Because the particles carry a
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smallstabilizing charge from the sulfate end groups on their surfaces,
the electrostatic force will repel the particles from one another at short
distances. By repeating the process to measure this repulsive force as
afunction of distance, we map how this interaction changes across a
range of different salt concentrations.

SmartTrap can autonomously measure electrostatic repulsion
between multiple particle pairs in a single medium. The protocol
used for this is similar to that of the DNA pulling, with steps 1-3 being
the same, but with some key differences in the later steps related to
the measurements:

(1) Check the pipette and trap: See step 1 in the DNA pulling
protocol.

(2) Trap a particle: See step 2 in the DNA pulling protocol.

(3) Suck into pipette: See step 3 in the DNA pulling protocol.

(4) Trap the second particle: A second particle, of the same type as
the first, is trapped and brought next to the particle already in
the pipette.

(5) Align the particles: The trapped particle and the one in the
pipette are aligned by ensuring that they are in the same focal
plane and have the same x-position. The alignment is similar to
that performed in the DNA pulling experiment when attaching
DNA.

(6) Measure the repulsion: The particles are pushed together until
the force exceeds a certain value, which we set to 10 pN. This is
used as the first endpoint of the protocol. The second endpoint
is set to a little less than a micron away from the first where the
electrostatic force is negligible. Also, the lasers are moved at a
speed of less than 10 nm s™ to avoid any hydrodynamic effects
from the particles moving close together.

Once finished, the system will flush the central chamber with a
strong flow to clear both the pipette and trap from particles.

Supplementary Video 5 shows this protocol inaction. When com-
paring results across different salt concentrations, it is crucial to use
the same particle pair. Variations in particle size and surface charge
would otherwise make measurements incomparable, given the short
range of electrostatic forces. Manually closing off the channels and
replacing the solution withoutlosing the particles ensures theintegrity
of the experiment. Our autonomous system still plays a vital role in
real-time tracking, force measurements and three-dimensional (3D)
alignment, while also helping to determine appropriate flow rates for
solution replacement.

We start with distilled water and incrementally increase the salt
concentration by flushing the chamber for 30 min at each step. The
ions from the salt screen the electrostatic interaction, meaning that
for a certain distance the repulsive force will be lower at higher salt
concentrations, as illustrated in Fig. 6a. In this experiment, the two
particles get very close to one another, a situation that is challenging
because theimages of the particles overlap, making standard methods
fail*>. We found that the YOLO algorithmyields results that are too noisy
in this case. Because of this, the particles are tracked using a U-Net,
which has been trained on simulated data (Extended Data Fig. 7) and
specifically to handle the case of particles being very close. See ‘U-Net
model foraccurate particle tracking’in Methods.

FromFig. 6b, we see good agreement between experiments and
theory. It also becomes apparent why it is essential to use the same
pair of particles to see the differences; the difference between high
and low salinity is largely that the interaction appears at a longer
distance and for salt concentrations above around 0.1 mmol this
distance is on the order of 100 nm, less than one-twentieth of the
particle diameter. The increase in the force is not as sharp as theory
predicts for the two highest salt concentrations. We attribute this to
the sulfate end groups on the particle surfaces contributing with a
slight repulsive force.

Discussion

Measuring forces and mechanical properties with optical tweezers is
still largely a manual process, limiting the amount of data that can be
collected and potentially introducing human biases. SmartTrap rep-
resents a substantial step toward overcoming these limitations. The
experiments presented here cover a wide range of common optical
tweezers applications. Particle characterization, although relatively
simple in our demonstration, has awide range of potential applications
(forexample, selecting certain types of cells on which to perform exper-
iments) that could be readily implemented by modifying the selection
criteriafromsize to another feature. Also, since the force measurement
isindependent of object shape, it can be used to measure forces on
nonspherical objects such as bacteria or plankton. DNA pulling serves
as a paradigmatic single-molecule force spectroscopy experiment.
With some parameter tuning, it could be adapted to measuring other
molecules (for example, proteins, DNA hairpins). It would thenbe ideal
for mapping the energetics of molecular processes across different con-
ditions. One could, forinstance, measure DNA nearest-neighbor ener-
gies for various temperatures or salinities. This type of high-accuracy
experimentis central to understanding molecules and requires alarge
number of measurements'®*. In contrast, the red blood cell experiment
proved easier to automate than DNA pulling, yet clearly illustrates that
one can, with modest effort, efficiently perform a large number of
simple measurements onindividual cells or particles. The electrostatic
repulsion experiments, onthe other hand, exemplify the measurement
of interparticle forces. Notably, the algorithm used there is essentially
asimplified version of that used for DNA pulling, illustrating how the
steps building up a complex protocol can be repurposed for other
applications. This makes subsequent automation protocols quicker
and easier toimplement.

Compared toahumanoperator, SmartTrap generally matches or
exceeds manual operationinboth measurements per hour and overall
acquired data quality. We attribute this advantage to faster feedback
and more precise measurements of relative positions. As the particle
characterization experiment demonstrates, when measurements
canbe performed quickly, the systemis capable of conducting alarge
number of measurements autonomously in a short period. The fact
that the autonomous protocols canrunreliably for an extended time,
up to 10 has shown by the DNA pulling experiments in Extended Data
Figs.5and 6, greatly reduces thetime needed by researchersto perform
experiments. Furthermore, having the instrument working onits own
alsoreducestherisk of humanbias frominconsistent operation, which
ispotentially very important when trying to observe rare events. Still,
there are scenarios in which human operators still outperform the
system, such as detecting particles that are out of focus or moving very
rapidly. These situations benefit from detecting motion by comparing
consecutive frames. YOLO operates on aframe-by-frame basis and thus
struggles with fast movement and identifying particles moving far
fromfocus, particles which are detectable to humans. Itis likely that a
more specialized tracking algorithm could outperform humans also
inthese scenarios.

Many of the challenges faced during automation stem from hav-
ing one of the particles held in the pipette, which introduces an addi-
tional point of failure and adds complexity by requiring precise 3D
alignment. This requirement largely explains why preparing a new
measurement is faster inthe particle characterization experiment than
in the DNA pulling experiment, even when the particle in the pipette
isnotreplaced. An alternative approach would be to use two separate
traps to ensure both particles remain in the same plane, effectively
removing the need for extensive alignment. However, this comes at
the cost of increased instrument complexity and would likely require
trappingtwo particles for each subsequent measurement. Nonetheless,
extending the automation processes to double-trap optical tweezers
or holographic optical tweezers s quite straightforward. Considering
that the pipette is a mechanical trap and the SmartTrap already uses
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two counterpropagating laser beams, adapting from an instrument
with anoptical and mechanical trap to a system with two optical traps
requires no major software modifications.

Despite these constraints, errors during autonomous operation
are rare, as demonstrated by the system’s ability to perform both
extended measurements and large-scale studies on numerous par-
ticles, molecules or cells. This reliability is primarily due to solutions
already in place for common problems, such as trapping two parti-
cles, losing the particles or failing to attach DNA. When an issue does
occur, itusually stems from external experimental factors that require
human intervention, such as running out of particles or the pipette
clogging. These issues arerelatively simple to fix but currently require
manual intervention.

Looking further ahead, the trend of handing over repetitive work
to computers is likely to continue. As the breadth of the autonomous
protocols we haveimplemented demonstrates, large parts of protocols
can often be reused in other protocols, greatly lowering the barriers
to automation. Although our system is an optical tweezers, several
building blocks of the autonomous functionality could be used to per-
form other smart microscopy experiments. Forinstance, the trapping
of particles, seemingly highly specific to optical tweezers, works by
actively centering particles in the field of view. Meaning that, without
modification, it could be used to follow the path of single particles
and, by retraining the YOLO network, as we did for thered blood cells,
it could instead follow single plankton or bacteria in a sample. As the
technique matures, a wider range of experiments will be automated.
Furthermore, on our GitHub we provide multiple automation sub-
routines, such as particle trapping and alignment, which simplifies
development of future autonomous protocols*>*’, Nonetheless, it is
unlikely that humans will be entirely removed from the process anytime
soon. Especially inthe early stages when starting anew experimentand
designing protocols, manual operationisstill necessary before handing
control over to the computer. However, we have found that some of the
functions of the autonomous system, such as automatic alignment of
particles and real-time trackingin 3D, are very useful, also when manu-
ally testing or performing new protocols. It is therefore likely that such
hybrid modes of operation will become the norm, assisting researchers
inboth established and novel experimental endeavors.

Online content
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Methods

Optical tweezers system

The optical tweezers system used is a counterpropagating tweezers
inspired by the MiniTweezers design originally developed by the group
of C.B.atUC Berkeley**. Importantly, we have designed our own custom
circuitboards, firmware and GUI to gain full digital control of the instru-
ment while keeping the same optical system as the original design.
Theinstrument was designed for single-molecule force spectroscopy
studiesand cantrap particles downto 0.5 pmin diameter. It has a small
footprint of approximately 30 cm across, which allows it to be eas-
ily moved and placed within environmentally controlled chambers.
Assembly instructions and a component list for the optical tweezers
instrumentare available from our GitHub and Zenodo repositories**.
Having digital control of all the components of the system in a single
software proved essential for automation. In addition, the code and
schematics for the electronic used to control the system are available
fromtherepository.

Optical paths. The twolasers (both Lumicslasers, model LUOS8O8M250)
follow equivalent but mirrored paths to form the counterpropagating
optical trap, as shownin Fig. 1b.

Here, we describe the path of laser A. Laser A exits froman optical
fiber into wiggler A, which controls the axial position using a piezo-
electric actuator. The function of the wiggler is described in detail
in the ‘Laser wigglers’ section. Next, a small portion (about 8% of the
laser power) is deflected by a pellicle beam splitter and focused onto
position detector A. This is a PSD used to measure the laser position.
The remainder of the laser light is collimated by a lens and passes
through a quarter waveplate before entering the back aperture of the
objective. The quarter waveplate ensures that the light is circularly
polarized when entering the objective. The objective focuses the laser
inside the sample, creating the optical trap. After passing through the
sample, the laser is collected and collimated by the second objective
before passing a second quarter waveplate, which againlinearly polar-
izesthelight. Both objectives are the Olympus UPlanSAPO x60, water
immersion, with an NA of 1.2. Importantly, the laser is now polarized
so thatitis transmitted through the first polarizing beamsplitter and
reflected off the second. Finally, laser A is focused by alens onto force
detector A (alsoaPSD). This PSD is positioned in a pivot point relative
to the center of the sample ensuring that the laser can be moved in
the sample without giving a reading on the force sensors. In this way,
the SmartTrap achieves a force resolution of 0.04 pN and a distance
resolution of 1 nmwhen using the PSD sensors and about 10 nm when
using video microscopy.

There are also an iris and a photodiode that are used to measure
the intensity at the center of the beam. When a particleis trappedina
neutral position, the ratiobetween the light collected by the photodi-
odeandthat collected by the PSD is the same as when there is nothing
in the trap. If a trapped particle moves along the z-direction (left and
rightinthe schematics), the particle willact asalens. Depending on the
direction of the displacement, it will either focus or defocus the laser
on the photodiode through the iris. This allows for the measurement
of momentum changes in the axial direction, which after calibration
can be used to calculate the force along the z axis*.

Laser B follows an equivalent but mirrored path as laser A.

Thesampleisimaged using a brightfield configuration with ablue
LED and a short-pass filter positioned before the camera to filter out
any stray light from the lasers.

Force measurements. The primary reason for using counterpropa-
gating beams is that it allows for direct force measurements?®. This is
achieved by monitoring the momentum change of the lasers as they
pass through the sample. Any change in momentum of the lasers as
they pass through the sample will be caused by objects in the trap. By
Newton’s third law, this momentum change gives rise to aforce on the

trapped object. Importantly, all the scattered laser light needs to be
collected to get an accurate reading of the momentum change and
thereby the force. Thisis achieved by not overfilling the back apertures
of the objectives (that is, only a small portion of the back aperture is
covered by the laser). Because of this, large-angle scattering does not
occur, which means that the objectives are able to collect practically
allthelaser light passing through the sample. Therefore, the deflection
ofthelasersisdirectly proportional to the forceacting onthe particle.

As an additional benefit, using counterpropagating traps allows
for lower numerical aperture on the objectives and longer working dis-
tances making it easier to work in the bulk of the solution and thereby
avoiding surface effects during measurements.

Laser wigglers. To move the lasers in the system, a piezoelectric
mechanical system called awiggleris used. The systemis describedin
US patent number 7274451 B2 (ref. 46). The wiggler consists of a fiber
placedinside two metallictubes, oneinner and one outer slightly longer
tube. The outer tube hasametal ball attached toit. The system works by
having piezoelectric crystals push on ametal ball, which in turn moves
the outer metal tube relative to the stationary inner tube, thus gently
bending the optical fiber. This provides a simple yet efficient method
for movingboth lasers, allowing for accurate positioning of the lasers
and fast feedback algorithms for synchronous movement of the two
lasersin the sample.

Microfluidic chamber. Many experiments require two particles to
study interactions. To get two particles, a custom microfluidic cham-
ber with amicropipetteis used. The chamber has three channels: one
central channel for performing the experiments and two side chan-
nels through which the functionalized particles are flowed in. These
side channels are connected to the central channel by glass capillar-
ies through which particles can flow. These glass capillaries have an
outer diameter of 100 pm withaninner diameter of 25 pum and are cut
to the appropriate length using a scalpel. In the illustration shown in
Extended Data Fig. 1a, the particles flow from left to right when the
pumps are turned on.

The chamber is handmade and consists of two sheets of parafilm
and two glass slides. When making achamber, the two parafilm sheets
are first cut into the appropriate size using a laser cutter. Simultane-
ously, the laser cutter cuts out the channels, giving the parafilm the
shape seen in Extended Data Fig. 1a. Holes are also cut with the laser
cutterinoneofthe two glass slides to makeinlets and outlets. Next, one
ofthe sheets of parafilmis placed onthe glass slide with holes. The holes
arealigned with the channels and the capillaries and the micropipette
are positioned on the parafilm. The second sheet of parafilmis added
ontop followed by the second glass slide before the chamber is sealed
by warming the parafilm close to its melting point. The micropipette
ismade from glass capillaries with an outer diameter of 80 pmand an
inner diameter of 40 pm using a custom capillary puller. The puller
usesaplatinum filament to heat the glass and asmall weight to apply a
consistent force to the capillary. The heating of the filament is tuned to
giveapipette opening witha diameter of around 1 pm. Illustrations of
the chamber assembly process and instructions for constructing the
puller are available in the GitHub and Zenodo repositories***.

To control the flow in the three channels, a microfluidic pump
systemis used. The systemis an OB1from Elvesys with three independ-
ent pressure-controlled pumps. Eachis connected to one of the three
channels of the chamber to give dynamic control of the flows. Lastly, a
separate pumpis connected to the micropipette, which is aone-way air
pump (D2028B, SparkFun Electronics) and provides motorized suction.

Electronics

Theelectronics hasbeendesigned to take advantage of the widespread
availability of powerful microcontrollers. An Arduino Portenta H7 Lite is
used asamicrocontroller unitbecause itis easy to obtain and program,
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requiring minimal prior experience and no custom equipment. This
makes it straightforward to connect and program, requiring just a
USB-C cable. The controller samples the various photodetectors, steers
the laser wigglers and controls the motors (Thorlabs Z606 DC Servo
Motor) that move the sample. The schematics of the electronics are, like
the software, available from our GitHub and Zenodo repositories***.

Sampling of PSDs. All four PSD detectors are handled using the same
type of circuit and they are all reverse-biased with 15 V. The signals are
amplified intwo stages. The first stage acts as a transimpedance ampli-
fier, converting each of the four current signals from the detectors
into voltages. The four signals correspond to X,, X,, V;, Y, (two for each
axis). In the second stage, the differences X=X, - X,and Y=Y, - Y, as
wellas the sum of the y-axis signals S=Y, + Y, are obtained using stand-
ard amplifier subtraction and addition circuits. These three signals
are then sampled independently and these give the power and posi-
tion. Thelaser power is proportional to the sumsignal S. The difference
signals are proportional to both the displacement and the power of
thelaserandsoisthe force, meaning that the Xand Y difference signals
are directly proportional to the force along the corresponding axis.
To get the laser position, independent of the laser power used, the
positions X, and ¥, signals are extracted as X, = ¥ andy, = 1= |t
is possible to perform this division operation using analog circuitry
but in order to limit the complexity of the circuit design it is done
digitally in our system. The photodiodes used for measuring the
z-forceare also reverse-biased. Similarly to the PSDs, they generate a
current signal that we convert to a voltage signal using a standard
transimpedance amplifier circuit and sending the signal directly to
the AD converter.

All the signals are sampled using a 16-bit 16-channel analog-to-
digital converter (model AD7616BSTZ-RL from ANALOG DEVICES).

For controlling the piezoelectric actuators that steer the lasers,
a high-voltage amplifier is used that yields an output in the range of
0-150V, making 75 V the center position. The amplifiers are controlled
by a digital-to-analog converter. The digital-to-analog converter is a
four-channel 16-bit model, which is interfaced using the SPI protocol
from the microcontroller allowing for fast and accurate control.

A motor driver circuit L293D provides the motors with the driv-
ing signal, and their direction is controlled with two digital pins.
The Arduino Portenta uses software interrupts that trigger on the
movement of the motors, which updates aninternal counter, increas-
ing it if the motor moves forward, and otherwise decreasing it. A
proportional-integral-derivative feedback algorithm is used to get
stable motor speed when moving.

Software

A custom software suit hasbeen designed and implemented to control
the instrument. It can be broadly split into four main parts: the first is
the firmware, which is written in C and runs on the microcontroller;
thesecond is the communicationsoftware; the thirdis the GUI; and the
fourth is the set of automation algorithms customized for each type
of experiment (described in‘Results’). The communications software,
GUI and automation algorithms are all written in Python and run on
the host computer.

Firmware. The firmware runs on the microcontroller and communi-
cateswith theinstrument hardware. It reads from the analog-to-digital
converter, writes to the digital-to-analog converter and controls the
motors. The sampling of the PSDs is triggered every 64 pis by a soft-
ware interrupt procedure resulting in a sample rate of 15.625 kHz. A
USB-serial protocolis used to continuously communicate with the host
computer through the built-in USB-C port of the Arduino Portenta.

Communications software. The communications software is what
enables the host computer to read data from the instrument and

send commands to it. Because this needs to happen continuously, it
isimportant that the globalinterpreter lock of Python does not inter-
rupt the process. Similarly, it is important that the communication
does not interrupt any other processes, such as capturing images
using the camera. Therefore, the communication is handled by two
separate classes, both of which run asynchronously. The first class
isrun in a separate process (core on the computer) and sends data
to and from the instrument using the serial USB protocol. It always
sends the most recent command to the instrument and the data
beingread are continuously placed into a Python queue. The second
classrunsinaseparate thread and processes data from the queue in
chunks. First, the data are unpacked by converting from bits to inte-
gers and sorting the data depending on which signal it corresponds
to. Thereafter, forces and positions are calculated; see ‘Calibration’
for further details.

GUIL. The GUlis designed to control and monitor the communications
with the instrument controller in a user-friendly manner. Enabling
features such as clicking and dragging in the live view of the sample
to position the lasers and to move the motors. We used a Basler ace
a2A5320-23um camera, but any camera from this manufacturer will
work without any modifications to the code, as will cameras from
Thorlabs (other cameras can be integrated with minor modifications
to the code). The GUI also works as a simple oscilloscope, enabling
the user to plot and compare signals from the various sensors in real
time. This is most readily used to monitor the forces on the particle
during an experiment. The plotting tool also allows for real-time data
processing such as running an FFT algorithm or averaging the data. The
GUIl also has features such as real-time tracking in the live feed as well
as the ability to draw forces acting on the trapped particle. Examples
ofthelive plotting and drawing of forces are shown in Supplementary
Video 3, as well asascreenrecording of the experiments. This can, for
instance, allow users to identify where the DNA has attached on the
particlein the pipette.

Automation algorithms. The automation algorithms are run in the
background of the GUlin aseparate thread taking care of steps 2,3and 4
oftheautomationloop inFig.2a. Runningin aseparate thread prevents
other operations (for example, dataimage capturing) from having to
wait for the automation algorithms when, for instance, a particle detec-
tionis performed. The user can decide which autonomous algorithm
torunfromtheinterface turning them on/off dynamically. Also, single
procedures can be toggled individually, such as trapping a particle or
alignment of the pipette, to help assist users when manually operat-
ing theinstrument. The details of the various decision procedures are
outlined in the main text.

Automatic alignment of counterpropagating traps

In order for a counterpropagating optical trap to be stable, the two
lasers need to be perfectly aligned in the sample. This can be very
challenging if the optical trap is also to be moved, because any small
difference in the optical path will cause the lasers to drift apart in the
axial positionwhen moved. Therefore, afeedback algorithmis used to
keep the two lasersin the same axial position. This algorithm makes use
of the fact that if the two lasers are aligned, and a particle is trapped,
thenthey will have the same force reading. In practice, the force PSDs
are set to zero in software when there is no particle in the trap. This
compensates for the fact that the lasers may not be hitting the exact
center ofthesensors. Then, when aparticleistrapped, ifthebeams are
not perfectly alignedinthe xy plane, the two beams will be deflected by
the particle equally butin opposite directions. This iscompensated for
by the feedback, which moves the lasers to ensure that the PSDs give
the same force reading as described in ref. 21. This feedback is run at
around 7 kHz, meaning that the lasers follow each other very well also
when moved, as during the DNA pulling protocol.
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Calibration
The calibration of the optical trap is essential for performing meas-
urements with the tweezers, because it enables the conversion of
voltage readings inbits to physical forces and distances. These conver-
sion factors are given by the proportionality constants for the force
PSDs and for the position PSDs. How these proportionality constants
are obtained is outlined below. However, before these constants are
obtained, afundamental calibrationis performed using amicrometer
ruler mounted instead of the microfluidic chamber. This gives a cali-
bration factor relating pixels on the camera to microns in the sample.
To calibrate the force PSDs, we exploit Stokes’ law, which relates
the viscous drag on a particle to the flow velocity at a low Reynolds
number®. Because the experiments are carried out in a microfluidic
chamber, we need to account for the distance to the two walls, whichiis
why we use the corrected formula fromref. 48 as given by equation (1):

F, = —6murv (1 + 21%:1) )

Inthis formula, F,is the drag force, ptis the dynamic viscosity, and vis
the velocity of the particle. The experiments are carried out in the
center of the chamber, which has two walls separated by around
200 pm, whichgives avalue of d=100 um.In our case, the viscous drag
is generated by moving a trapped particle back and forth using the
stage motors. The drag force displaces the particlein the optical trap,
whichinturngives readings on the PSD detectors, where P, is directly
proportional totheforce, F4 « P,. Thereadingis directly proportional
to the force because the change in laser light momentum is the same
as the force exerted on the trapped particle, and the dual-lateral PSD
measures transverse light momentum directly. Unlike single-beam
traps using backfocal-planeinterferometers, which cannot collect all
the deflected light, our force calibration factor P, remains constant
regardless of changes in particle size, shape or refractive index?..

With the instrument calibrated, the Stokes drag method can be
used to measure the size of particles. Then, equation (1) is solved for r
which gives equation (2):
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In the case of the particle characterization experiments, we use
the tabulated value for u for water at room temperature (21°C) and
0.9775 mPa®.

We exploit the digital camerato calibrate the position readings of
thelasers. Thisis done autonomously withatrapped particle, moving it
inasquare pattern using the wigglers while recording its position with
real-time tracking. Then, the particle position s fitted to the signals,
correcting for any differences inalignment or sensitivity of the detec-
tors. Itisimportant to note that the position signal is the laser position,
rather thanthe particle position, and these may differ measurably when
thereis aforce acting on the particle. Because of this, the position, as
obtained from the camera, is sometimes preferred over the PSD read-
ings, even though the sampling rate of the PSD signal is much greater
than that of the camera. This analysis was performed using Python
scripts utilizing the NumPy and SciPy packages.

Artificial neural networks

Artificial neural networks are computational models that form the
foundation of most modern Al algorithms. They get their name from
their loose resemblance to biological neural networks**. There are
multiple different artificial neural network models, referred to as
architectures, which are adapted to various tasks. Here we provide a
short outline of the networks used in the SmartTrap system to enable
automation and highly accurate particle tracking. We also highlight
that replacing or adapting the tracking methods, for example, to trap
bacteriainstead of spherical particles, is straightforward. One simply

needs toimplement the interface provided in our GitHub and Zenodo
repositories*>**>. The networks presented are available on GitHub, and
onfigshareviahttps://doi.org/10.6084/m9.figshare.31281967 (ref. 51).

YOLO to predict lateral position of particles and pipette

A YOLO network is employed for object detection, specifically YOLO
v5s, which is an updated and smaller, and therefore faster, version of
theoriginal YOLO architecture. This network is available as asoftware
package in Python®.

YOLO networks are trained to predict rectangles enclosing objects
inanimage, known asbounding boxes. YOLO networks canbe trained
to differentiate between a wide range of different object classes.
In our case, we are only interested in two classes, namely, ‘pipette’
and ‘particle’.

During training, the network aims tominimize aloss function that
contains three components: localization, classification and object-
ness. The localization loss measures the accuracy of the location of
the bounding box (center and size) quantified with mean squared
error. The classification loss is used to teach the network which class
of objects are present in the image, and it uses binary cross-entropy
to evaluate how accurately the class is predicted. Lastly, the object-
ness (or confidence loss) assesses how confident the network is in its
predictions. If a box is supposed to contain an object, the loss penal-
izes low-confidence scores (low objectness); conversely, if the box
does not contain any object, it penalizes high-confidence scores (high
objectness). For each training image, the network predicts multiple
bounding boxes and assigns confidence scores for object presence
and class probabilities.

The network was trained using the stochastic gradient descent
algorithm on a combination of simulated and manually annotated
images (Extended Data Fig. 2). In the manually annotated images, the
location and size of particles and pipette were marked by hand using
images from previous experiments performed with the same system
in order to be as similar as possible to the autonomous experiments.
They were of varying size and illumination to cover a wide range of
experimental conditions. However, because the exact position was
not known and annotation was done manually, it risked introducing
noise in the dataset, which is why we also included simulated images
inthe training set. Because our dataset of manually annotated images
is comparatively small (circa 1,000 images), we trained for only 100
epochsto avoid overfitting.

The network consistently predicts the relative focal position of
the particles. The GUI allows for demonstrating this by printing the
prediction directly on the screen as shown in Supplementary Video 1
inwhich a particlein the pipette is moved in and out of focus.

Convolutional network to predict focus position

To estimate the focal position of the particles, we use PyTorch*’ to train
aconvolutional network that predicts the z-positions of the particlesin
theimages. By using simulated data, we can circumvent the challenges
associated with creating an experimental dataset, something which
would require accurately measuring the focal position of a very large
number of particles?*. The simulated images are made to be similar to
the experimental images, and by including noise they are made more
challenging, as shown by the examplesin Extended DataFig. 3. The net-
workis a convolutional neural network with two sets of convolutional
layers, each followed by amaximum pooling layer. A dense layer on top
ofthishandles the final prediction and training uses mean square error
as the loss function. Even though all the training data are simulated,
the network also predicts the position of real particles accurately, as
illustrated in Extended Data Fig. 4 and Supplementary Video 1.

U-Net model for accurate particle tracking
For accurate tracking of particles that are very close to one another,
which is the case in the electrostatic experiments, we use a U-Net*.
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U-Nets are widely used in biomedicalimage analysis for segmentation
tasks. Inatypical segmentation setting, the network outputs a binary
image thatis1whereveran object of interest appearsand O otherwise.
Formultiple classes, the output becomes astack ofimages, one for each
class. To obtain the positions of individual particles from the U-Net
predictions, we apply a threshold to the output and then compute the
centers of the resulting connected regions. This postprocessing step
yields the coordinates of the particles of interest.

The U-Net architecture gets its name from its characteristic ‘U’
shape: aninitial series of downsampling layers progressively reduces
the spatial resolution of the input while capturing large-scale features,
followed by a corresponding set of upsampling layers that restore the
original resolution. Residual (skip) connections bridge matching down-
sampling and upsampling layers, allowing the network to preserve
fine details. Our network has five sets of convolutional downsampling
layers with 64,128,256,512 and 1,024 filtersin the respective layers and
the upsampling pathisthe same butinreversed order (with1,024,512,
256,128 and 64 filters).

The training data consist solely of simulated images*>* as in this
case we need to know the true particle position for accuracy. In the
simulated images, the number of particles is large so that they often
overlap (Extended Data Fig. 7). Furthermore, the size of the particles
is tuned to resemble that of the experiment. Very small particles are
used in the background of the images to simulate structured noise.
This was found to eliminate the risk of the network treating the pipette
asaparticle.

Despite its higher accuracy, there are two reasons not to use the
U-Netinthe real-time automation. First, itis much more computation-
ally demanding than YOLO, whichwould increase the processing time.
Reducing the size of the U-Net would help, but this would also reduce
itsaccuracy. Second, to achieve reliable segmentation of the pipette,
we would need to include manually annotated experimental data.
Consequently, the accuracy would likely not exceed that of YOLO,
except when particles are close to overlapping or when there are many
particlesin view, asituationin which YOLO may struggle, although this
was not the case in our experiments.

22,25

Experimental details

All experiments were performed in the same system using the same
type of microfluidics. However, each different experiment requires spe-
cific preparation of the sample and analysis of data, as outlined below.

DNA fragment preparation. The single-molecule force spectroscopy
experiments were performed on fragments of -phage DNA, produced
by cutting the full DNA into three different strands and labeling these.
Thereagents needed for the procedure are listed in Table 1.

Cutting A-phage DNA with Eaglyields three fragments: F1=19.9 kb,
F2=16.7 kband F3=11.8 kb.

Biotin end-labeling was done by letting Klenow fragment poly-
merase fill in the COS sites of A-DNA with biotin-dCTP, which gives
up to 6(F1) or 4(F3) biotins at the ends. The F2 fragment did not get
biotinylated as we did the Klenow fragment step before cutting
with Eagl.

Digoxigenin modification was done by PCR over an Eag/ cut site
onA-DNA. Here, dig-dUTP was incorporated during the PCRreaction.
We chose to amplify the region around the cut site at 19944, starting
at 224 bases upstream and 266 bases downstream.

Forward primer: 5-GAAAGCCAGA CGTAACAGCA

Backward primer:5-GGCACTTTTT TCCGCTTCAG

Twenty cycles of PCRyielded a490-base-pair fragment. Digestion
with Eagl gave back two fragments of 224 bases and 266 bases, each
containing digoxigenin, and each withacut overhang (5-GGCCG) com-
plimentary to the cut ends of A fragments F1and F3. Those digoxigenin
handles were then 5’ dephosphorylated with phosphatase to create an
engineered nickinthe final dsDNA. Such a nick allows the molecule to

Table 1| List of reagents used in the A-phage DNA preparation

Description Company Material number
Digoxigenin-11-dUTP, 25 nmol Roche 11093088910
Deoxynucleotide solution set NEB NO446S

Eagl restriction enzyme NEB R3505S
A-DNA, 250ug NEB N301S
Klenow fragment (3'— > 5 exo-) NEB M0212S
Quick ligation kit, 30 reactions NEB M2200S

Taq DNA polymerase NEB MO0273S
Antarctic phosphatase NEB M0289S
Biotin-14-dCTP, 50 nmol Invitrogen 19518-018
PCR primers (see below) IDT

changeits twist (unwind) during the overstretch transition. Finally, the
biotinylated A-DNA fragments and the digoxigenin handles were joined
together using an NEB Quick Ligation Kit. Long-term storage of the
product (>17 years) has been successfulina buffer of 100 mM EDTA pH
8and 50% glycerol held ina—-20 °C freezer. Free samples are available
from S.B.S. (via steveatalice@gmail.com). Further description of the
process and its development can be found in the ‘Documents’ section
of the TweezersLab website*”.

DNA particle preparation. Polystyrene particles coated with
streptavidin were purchased from Spherotech (SVP-20-5; 2.0 mm to
2.9 mm in diameter). Anti-digoxigenin particles were prepared from
Protein-G-coated polystyrene particles (Spherotech, PGP-30-5;3.0 mm
to 3.4 mmindiameter).

A total of 1.0 ml of Protein-G-coated particles was washed twice
with linking buffer (100 mM Na,HPO,,100 mM NaCl, pH 8.5) and incu-
bated with 120 pl of anti-digoxigenin polyclonal antibodies (Roche,
11333089001) and 60 pl of cross-linker dimethyl pimelimidate (Thermo
Fisher, 21666). After incubation, the anti-digoxigenin-coated parti-
cles were washed twice with PBS buffer (140 mM NaCl, 2.7 mM KClI,
61 mM K,HPO,, 39 mM KH,PO,, 0.02% NaN,, pH 7.0) and resuspended
in 1 ml of PBS buffer. The dsDNA fragments were incubated with
digoxigenin-coated particles for 20 min at room temperature and
dilutedin2.0 ml of experimental buffer. The streptavidin-coated par-
ticles were washed twice with PBS buffer pH 7.4 (140 mMNacCl, 2,7 mM
KCl, 80.2 mMK,HPO,, 20 mM KH,PO,, 0.02% sodium azide) and diluted
in experimental buffer before use.

DNA pulling experiment. The experiments presented are performed
on the A1-DNA F3 fragments (11.8 kb), which has a contour length
of 4.0 um. The two ends of this fragment are labeled with digoxi-
genin and biotin respectively, which enables them to bind specifi-
cally to anti-digoxigenin-coated and streptavidin-coated particles.
The anti-digoxigenin particles are around 3.4 pm in diameter and
the streptavidin particles are around 2.2 um, making it possible to
visually distinguish the particles. Importantly, only one strand at
each DNA endis anchored, resulting in a lower overstretching force
than would occur if both strands were immobilized*®. Also, the F1
(19.9 kb) fragment is labeled in the preparation and approximately
10% of the attached molecules which attach during experiments
are F1. The experiments were performed in a high-salt buffer (1M
NaCl, 1mM EDTA, 10 mM Tris-HCI, components purchased from
Sigma-Aldrich). Before the experiment, the DNA is attached to the
anti-digoxigenin-coated particles as described above. During the
experiment the biotin end will attach to the streptavidin-coated
particle held in the micropipette.

The elastic behavior of DNA can be modeled using the WLC
model and, in particular, the extensible WLC model works well until
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the molecule starts to overstretch®®. The extensible WLC model can
be approximated according to equation (3):

F(x):kLT< 1 1 x F
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where k, is the Boltzmann constant, x is the extension of the molecule,
L,isthe persistencelength, Tis the temperature, K, is the stretch modu-
lusand L, is thelength of the molecule. For the curveinFig. 4, we use a
persistence length of 43 nmand a stretch modulus of 1,200 pN, typical
values for dsDNA'. We solve equation (3) numerically to find the force
foragiven extension using Python (version 3.13) and the SciPy (version
1.16.1) solver newton.

To determine the particle position, and thus the molecular exten-
sion, we use real-time tracking. However, since YOLO is noisier and
slower than the PSDs, we use YOLO only to estimate the optical trap
stiffness. The stiffness of the optical trap depends on the size of the
particles (which varies from particle to particle) and is required for the
force-extension analysis. Specifically, we compare the force-extension
signal when using the particle position (obtained from YOLO) to the
force-extension signal when using the trap position (obtained fromthe
PSDs). The difference between these two signals reflects the displace-
mentof the particle relative to the center of the trap, whichis caused by
the molecule pulling on the particle. This displacement is linear with the
applied forceinthe force range of the experiment. The linearity of the
trap up to around 80 pN was verified separately by trapping particles
of similar size and gradually increasing the flow while monitoring their
displacement. By fitting the force to the difference between the trap
position and the position of the particle, we can determine the stiffness
ofthe trap, without having to perform additional calibration measure-
ments on each particle before each experiment, thus obtaining the
molecular extension from the PSD signals. The fitting was performed
on the stretching part of the curves in the force range between 14 pN
and 55 pNbecause the sharpincreasein the forcein this range provides
clear cutoffs. This was done using Python (3.13.5) script and specifically
the NumPy function polyfit.

Red blood cell preparation

This study was performed in accordance with the Declaration of
Helsinki and was approved by the Work Environment Committee at
the Department of Physics at the University of Gothenburg, which
identified no further need for ethical evaluation. Written informed
consent was also obtained from the sole healthy participant (one of
the authors), before initiating the work, and this was the only person
handling the samples minimizing the risk of contamination. Human
red blood cells are prepared at room temperature immediately before
each experiment by finger-pricking using a sterile single-use needle.
Approximately 5 pl of blood is extracted and diluted in 2 ml of buffer
solution consisting of PBS-10x concentrated buffer (Dulbecco’s PBS
10x, X0520-500) diluted by a factor of 25 in Milli-Q water to which
10 mMof glucoseis added. This creates an environment of low osmotic
pressure, which makes the cells inflate, becoming almost spherical.
During the experiments, the two objectives are placed around 3 pm
closer than during normal trapping. There are two main reasons for
this small displacement of the objectives: having the two foci of the
counterpropagating lasers in different positions reduces heating,
while also slightly increasing the stretching. Samples were disposed
ofimmediately after the experiments finished, and the waste treated
as potentially contagious and handled using the host universities
standard procedures.

Electrostatic repulsion measurements

The two particles usedin the electrostatic experiments are of the same
type. They are polystyrene particles with amean diameter of 4.24 pm
+0.1 pum (MicroParticles PS-R 4.2, PS/Q-R-B1198).

Electrostatic interactions between colloidal particles can be
described by the DLVO theory*”**, DLVO theory provides a framework
for understanding the interactions at play between the particles,
including the van der Waals attraction, the electrostatic repulsion
and the screening of the repulsion by dissolved ions. For distances
longer than a few nanometers, the interaction is dominated by the
electrostatic repulsion. The electrostatic force between two charged
particles can be described by equation (4):

FD) = 4)

(eZ)2 ((l + k(D + 2R)) exp(—KD))
4neoe, 1+ KR*(D + 2R)*

where eis the elementary charge, Zis the number of charge groups
per particle, kisthe Debye length, Dis the surface-to-surface distance
between the particles and R is the particles radius®. £, and ¢, are the
permeability of free space and the relative permeability, respectively.
For sufficiently high salinity, the electrostatic repulsion becomes small
enough that it can be easily overcome by thermal fluctuations, which
enables the particles to come into contact. We exploit this to find the
particle radii by performing a final measurementin which the salinity
is so high that the particles are brought into contact. This is how we
determined aradii of 2.11 pm on average for our particle pair, which is
very closeto the value of 2.12 um specified by the manufacturer. From
the fit showninFig. 6, the number of charge groups was found tobe Z
=480,000. We performed the fit only on the 0.1 mM dataset because it
hasasmallerrelative errorin the distance measurement than thel mM
dataset, and asmaller relative error in x (due to uncertainty in the salt
concentration of our milli-Q water) than the measurement in water
without added salt. The fit was performed using Python (version 3.13)
and theleast_squares function of the SciPy package (version1.16.1).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Thedatapresentedinthe figures are available infigshare at https://doi.
org/10.6084/m9.figshare.31281967 (ref. 51). Due to the size of the raw
datafiles and the datasets used for training the neural networks, these
areavailable from the authors uponreasonable request. The repository
also contains an unedited, compressed video of a 10-h experimental
runrecorded from the instrument.

Code availability

The source code used for the SmartTrap system is available on Zenodo.
This and future software releases are available from our GitHub and
Zenodo repositories*?**. We highlight that the various artificial net-
works presented are available from Zenodo, and on figshare via https://
doi.org/10.6084/m9.figshare.31281967 (ref. 51). The networks were
runusing Pythonversion 3.13, PyTorch version 2.8.0+cul26, ultralytics
version 8.3.196 and yolov5 version 7.0.14.
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Extended Data Fig. 1| Microfluidic chamber. (a) lllustration of the microfluidic
chamber. There are three separate channels. The middle channelis used to
perform the experiment and contains the tip of the micropipette where one of
the particlesis held. The bottom and top channels are used to flow particles into
the main channel via glass capillaries. The micropipette and the capillaries are

coloredinred for clarity. The channels are connected to a microfluidic pump
withindependent operation. (b) Picture obtained from an experiment while
itisbeing set up: thereis one particle in the optical trap (top) and onein the
pipette (bottom).
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Extended Data Fig. 2| YOLO training data. Example of training data used for the YOLO network. (a) Manually-annoted data from experiments and (b) simulated
training data obtained using the DeepTrack2 Python package. The blue boxes highlight the particles and the red boxes highlight the pipette.
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=-0.4 Z=0.0

Extended Data Fig. 3 | Simulated particles with different focal positions. Examples of simulated images used for training the convolutional neural network to predict
the focal position of particles. The images are obtained using the DeepTrack2 Python package. The numbers below the pictures indicate the target z-value.
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Extended Data Fig. 4 | Experimental predictions of the particle and pipette positions. Screenshots from the program predicting the lateral positions of the particle
(red circle) and of the pipette (green box). It also predicts the axial position (z-position) of the particle relative to the focus, writteninred.
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Extended Data Fig. 5| Force-extension curves from autonomous experiments. the same position when the force is 30 pN. These curves are all obtained from

The blue curves show the stretching and the red ones show the relaxation of a the same experiment session and include the experiments in which asingle
DNA revealing hysteresis due to nicking, especially in the 4 to 5 um extension DNA of length 4 umis attached and tethers do not break before reaching the
range. The curves are plotted with high transparency to enable comparison. In overstretching plateau.

total, there are 565 different curves from 16 different molecules aligned to have
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Extended Data Fig. 6 | Force-extension curves from autonomous experiments we attribute to hysteresis caused by nicking of the molecules visible in a few
compared to the WLC model. Comparison of the extensible WLC model, with curvesalso at low forces for which the molecule has not re-annealed before the
Ip=43nmand KO=1200 pN, and the 565 different stretching curves from next pullisinitiated.
Extended Data Fig. 5. The overall agreement is excellent, with minor deviations
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a)

Extended Data Fig. 7| U-Net training data. (a) Simulated images generated inthe output (for example, classifying the pipette as a particle). (b) The targets
using the DeepTrack2 Python package and used for training the U-Net. Small are binary masks with the same size as the images. The U-Net is tasked to predict 1
particles are added to the background and used as noise to prevent false positives  for pixels containing particles (yellow circles) and O otherwise.
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Data collection  The source code used for the SmartTrap system is available on Zenodo https://doi.org/10.5281/zenodo.18507341, this and future software
releases are available from our GitHub https://github.com/softmatterlab/SmartTrap and Zenodo repositories. Data acquisition and
experimental control were performed using custom open-source SmartTrap software (v1.0) implemented in Python (v3.13.5). The software
controlled optical trapping, micropipette positioning, imaging, and signal acquisition, and enabled real-time feedback during experiments.
Real-time image-based object detection during data acquisition was performed using YOLOV5 (v5.0) convolutional neural networks, executed
using PyTorch (v2) with CUDA (v12) support on an NVIDIA RTX 3090 GPU.

Data analysis Data analysis was performed using custom Python scripts (Python v3.13.5) within the SmartTrap framework. Image analysis employed YOLOVS
(v5.0) and custom convolutional neural networks, including U-Net architectures, trained using synthetic datasets generated with DeepTrack2
(v2). Numerical data analysis and curve fitting were performed using NumPy (v2) and SciPy (v1.16). The networks were run using Python
Version 3.13, pytorch version 2.8.0+cu126, ultralytics version 8.3.196 and yolov5 version 7.0.14.
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The data presented in the figures are available in FigShare https://figshare.com/s/9e6621b85b1287ce8757. Due to the size of the raw data files, these are available
from the authors upon reasonable request. The repository also contains an unedited video of a 10 hour experimental run recorded from the instrument which has
been compressed to limit the file size.
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Sample size Sample sizes reflect the typical number of measurements which can be performed on a single sample (e.g. batch of particles with DNA
attached) before depletion. This choice was made to showcase that the system can operate for a long time independently and to provide an
estimate of how many measurements one can expect per hour of operation.

Data exclusions  The autonomous system saves all measurements, also when technical issues occur during measurement (e.g., unintended trapping of a
second particle or molecular tether breakage). Such events lead the system to terminate the current measurement and initiate a new one,

resulting in certain incomplete datasets that require exclusion prior to analysis. The specific criteria for exclusion varied between experiments:

DNA pulling experiments: Measurements were excluded if the force exceeded 70 pN without observable overstretching or if the molecular
tether prematurely ruptured. Also, as stated in the methods section, we only show data from the f3 DNA fragments.

Particle characterization experiments: Data from measurements where particles were unintentionally dropped before completion were
excluded due to incompleteness.

Red blood cell experiments: Only cells that completed the entire measurement cycle were included; data from prematurely lost cells were
excluded.

Repulsion experiments: No datasets were excluded, although analyses focused exclusively on the experimentally relevant timeframes.

Replication The reproducibility of the results is shown by the autonomous system's ability to independently perform multiple measurements with near
identical results but on different molecules, particles or cells.

Randomization  Explicit randomization was not applicable, as the autonomous system selects samples (particles, cells, and DNA molecules) without human
intervention, minimizing selection bias.

Blinding Blinding is not applicable. All measurements were autonomously performed by the instrument, generating quantifiable data without room for
subjective interpretation.
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