Applied Physics A (2025) 131:539
https://doi.org/10.1007/s00339-025-08668-8

®

Check for
updates

Determining errors in force measurements for colloids close to contact

Harun Yiicel’

Received: 25 February 2025 / Accepted: 30 May 2025
© The Author(s) 2025

Abstract

Due to diffraction patterns in light microscopy, the overlapping of colloid images introduces minor errors in determining
particle positions, which affecting the accuracy of observing interactions between colloids near contact. This study quan-
titatively investigates the errors arising from the overlapping effect in force measurements between two closely positioned
colloids using digital video microscopy (DVM). For this aim, computer simulations were conducted to obtain the positions
of two optically trapped colloids interacting based on a force model and particle images were generated as a time series using
experimental particle intensity profiles for two different particle sizes. These generated images were analyzed using tracking
algorithms from the literature and the interaction forces were extracted and compared with theoretical force values. The results
demonstrated that diffraction patterns significantly influence the accuracy of particle position detection and interaction force
calculations. Large diffraction patterns and intensity fluctuations in an image introduce significant errors. However, these

errors can become significantly smaller in the presence of large forces and may therefore be considered negligible.
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1 Introduction

The measurement of forces between two interacting particles
inacolloidal system is essential for understanding micro- and
nano-scale physics [1-5]. Over the last several decades, the
development of the optical trapping (OT) technique [6-8]
combined with digital video microscope (DVM) [9, 10] has
made it possible to measure forces at the pico-Newton (pN)
level, enabling the investigation of such systems [11-14].
Observing the motion of a colloidal particle suspended in
a liquid through video imaging provides understanding how
its movement is influenced by its surrounding environment.
Particle tracking in images and extracting its motion as a time
series are crucial, particularly when colloids approach one
another. At close distances, forces such as van der Waals,
electrostatic, and hydration interactions significantly influ-
ence their behavior. Therefore, accurate measurements of
these interactions under near-contact conditions, along with
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an understanding of potential errors, are essential for reliable
analysis.

Nevertheless, DVM has a limitation in monitoring the
positions of particles at close separations [15—18]. The inter-
acting force of two colloids is extracted by analyzing the
distance between the centers of particles, based on positions
obtained from tracking algorithms applied to particle images.
At close particle separations, the position values include
errors due to the overlapping effect in the image, leading to
inaccuracies in force measurements. A few specialized track-
ing algorithms that address this issue have been reported in
the literature [19-23], alongside conventional tracking algo-
rithms [9, 24]. Similar tracking algorithms are widely applied
across a broad range of fields, including motion analysis
in computer vision, robotics, and eye tracking for human-
computer interaction and medical diagnostics [25, 26].

In an experiment measuring interaction forces with DVM,
various errors occur from factors such as position determina-
tion during image analysis, system calibration and statistical
uncertainties. The overlapping effect is a specific issue
encountered during image analysis and contributes to other
error types when particles come close to contact. Due to the
fact that interaction forces typically occur at close distances,
the overlapping effect has a specific importance in such mea-
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surements. Thus, this study focuses on the errors caused by
the overlapping effect during image analysis.

The question of how much errors in force measurement
arise from position errors due to the overlapping effect
remains unclear. Is it negligible? [27] This study focuses
on determining the absolute force errors in measurements
for two colloids close to contact. To achieve this aim, sim-
ulations were performed for two interacting colloids in a
double optical trap, based on a force model. The simula-
tions generated particle positions and produced images using
intensity profiles of the particles for two different parti-
cle sizes, which simulating experimental video recordings.
This allows quantitatively determining the absolute errors
caused by the overlapping effect as the theoretical force is
known.

In this study, computer simulations were performed
for two optically trapped, interacting colloidal particles.
A gravitational-like interaction model was employed to
simulate the attractive forces between the particles. The simu-
lations generated time series of particle images, which were
analyzed using position tracking algorithms. Based on the
extracted positions, interaction forces were calculated and
compared with the theoretical force values defined in the
simulations. This comparison enabled the evaluation of both
absolute and relative errors in the force measurements. The
results show that the dominant error arises from image-based
position determination, especially due to overlapping diffrac-
tion patterns. It was also observed that as the magnitude of
the interaction force increases, the relative error decreases.

2 Materials and methods

In this study, simLightForce [28, 29], a simulator for micron-
sized particles in an optical force field, has been used to
simulate a double optical trap. The simulator employs a
geometrical optics approach to calculate the optical forces
on a particle and generates particle trajectories for various
optical fields. In simLightForce, particles are modeled as
spherical to compute the force acting on the particle’s cen-
ter. Assuming spherical symmetry simplifies the calculations.
Another key assumption is that the system operates in the
far field, where the optical rays are considered to encounter
the particles in a parallel manner. A key limitation of the
code concerns the size of the particles. For particles with
diameters of several microns, the geometric optics approach
is appropriate. However, for smaller particles, alternative
methods such as electromagnetic or dipole approximations
for calculating optical forces are available in the literature
[30].

Figure 1b illustrates the refraction of a single ray on a
spherical particle. The vertical difference (Ar) between the
encounter point of the incident ray and the outgoing point
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of the refracted ray on the surface of the particle can be
expressed as follows [31, 32].

AGr) = % 1 (HLR)Z _ nLR |- (%)2 (1)

Here, r represents the radial distance from the center and R is
the radius. n represents the ratio of n, /n;,, where n,, = 1.59
denotes the refractive index of the particles, and n,, = 1.33
denotes the refractive index of the medium.

The optical field is represented as a grayscale pattern
I(M x N), where M = 250 and N = 500 denote the pixel
dimensions representing the number of rows and columns,
respectively. The optical force (I3 9P'-) acting on the particle
can be expressed as an integral over the particle area.

Fort- — IC//I(M x NYA(r) dA 2)

The x parameter is a conversion factor that relates the
grayscale intensity of the pattern (/) to the light power. The
optical field (/) follows a double 2D Gaussian distribution
with a standard deviation of 0.5 as shown in Fig. lc. This is
a way to create a double optical trap.

To simulate the interaction between two colloidal parti-
cles, the simulator has been adapted to include Newtonian
gravitational interaction as an interaction model in this work.
The primary goal is to assess systematic errors in position-
based force measurements, where the position errors them-
selves are independent of the specific interaction model used.
Although Newtonian gravitational interaction is not a typical
force in colloidal systems, it was chosen here for its computa-
tional simplicity and to mimic a weak, long-range interaction.
More importantly, it follows an inverse-square dependence
on interparticle distance commonly encountered in physical
interactions, providing a smooth and well-behaved force pro-
file. The interaction is extremely weak, making it challenging
to detect in a double optical trap experiment. Therefore, the
gravitational constant (G) was assigned an unrealistic value
of 1 fNum?/pg?, whereas its real value is 6.674 x 1074
fNum?/pg?.

- > mimo

As described in Fig. 1a, d is the distance from the center
of one particle to the center of the other particle. The parti-
cle masses, m and m, were assumed to be equal and were
calculated based on a density of 1.85 g/cm? [33]. Their val-
ues are 163.8119 pg and 7.7493 pg for silica particles with
diameters of 5.53 um and 2.00 pem, respectively. In simula-
tions of a two-particle system, the trajectories of the particles
were generated by numerically solving the Langevin equa-
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Fig. 1 (a) describes the coordinates of a two-body interaction system.
(b) defines geometrically the refraction of a single ray through a particle
to calculate the momentum transfer of light to the particle. (c) illustrates
the double 2D Gaussian pattern that creates optical trap centers. Red
circles represent particles, while red arrows indicate the rescaled inter-

tion for the x and y components of the position, with optical
and interaction force terms added, as shown below [34].

x(n) =x(n— 1)+ [F(n — 1) + FP" (n — 1)]% + V2D Atw(n)

Y =y =D+ [F" (= 1) + Fy" (n — m% +V2DArw(n)
“4)

Here, n refers to the index of the discretized time steps in
the simulation, y = 6mrnRand D = K;,T/y. R isthe particle
radius, n = 1fNs/um? is the viscosity of the liquid, T =
300K is the temperature, and K = 0.0138 fNumK ! is the
Boltzmann constant. w(n) represents white noise with a zero
(0) mean and unit (1) variance for the x and y components
separately.

After generating the trajectory, the particle images corre-
sponding to the positions were produced as a time series.
For image generation, the experimental particle intensity
profile described in [20] was used. In the simulation of
5.53 um diameter particles, the intensity profile was obtained
by interpolation from an experimental particle image shown
in Fig. 1d. For 2.00 um diameter particles, the intensity pro-
file was obtained by fitting a Gaussian-Bessel function to an
experimental particle image shown in Fig. 4c.

To generate multi-particle images, a linear combination of
individual particle profiles was used in the following form:
Iimage = Ilp + I2p + 1o + Lnoise (5)
Here, Iy, and I, are the intensity distributions of the first
and second individual particles, respectively. Iy represents
the background intensity, and 1,,;5. denotes the simulated
noise in the image.

I B

refracted ray
1

action force vectors on the x-dimension between colloids. Similarly,
yellow arrows corresponds to the optical restoring foce vectors acting
on the particles along the x-dimensions. (d) depicts the particle images
corresponding to the positions illustrated in (c)

For noise generation in the images, random fluctuations
which an amplitude of 5 units in grayscale was added. Exam-
ple of generated particle images are shown in Fig. 1d for
5.53 um diameter particles and in Fig. 4c for 2.00 um diam-
eter particles. In these simulations, one pixel corresponds to
0.08 um.

3 Results and discussions

As understood from the previous section, no trap stiffness
parameter is used to simulate particle trajectories. Instead,
the optical force is calculated from the 2D double Gaussian
intensity distribution pattern. Therefore, it is necessary to
calibrate the optical traps. In this study, the trap stiffness
values were obtained using a method similar to the drag force
method [12, 14, 35]. However, rather than employing a drag
force, a constant external force applied along the x direction
was considered. Particle trajectories were generated under
the influence of the constant external force exerted on the
particle.

Figure 2 presents the calibration results for 5.53 um
diameter particles, including particle trajectories. During
calibration, a linear fit was performed for the average dis-
placement (Ax) of the particle positions versus different
external force values. The obtained stiffness parameter is
kY = 2.6394 + 0.03pN/um. When the calibration was
repeated using statistical methods such as potential analy-
sis and the mean square displacement (MSD) method, the
trap stiffness parameters were found to be k)(cz) = 2.5905 £
0.072 pN/um and k¥ = 2.4029 + 0.001 pN/um, respec-
tively. As shown in Fig. 2b, the stiffness parameters exhibit
no significant differences. In the simulations of 2.00 um
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Fig. 2 The calibration results for 5.53 um diameter particles are
presented as follows: (a) shows the fitting results for the average
displacement corresponding to the external force exerted on the par-
ticle. The inset in (a) displays particle trajectories under different
external force values. (b) presents the position distribution in the

diameter particles, the stiffness parameter was found to be
492.5472 £ 6.33fN/um under the influence of a constant
external force exerted on the particle.

For the interaction simulation, the distance between the
2D double Gaussian patterns (trap centers) was varied from
6.0 to 12.0 um in increments of 0.2 um, and the trajectories
of the particles were recorded for 100 s at a frame rate of 100
frames per second. The recorded images were subsequently
analyzed using radial symmetry centers method (RMS) [24]
and partial radial symmetry centers method (pRMS) [20] and
the average equilibrium positions were determined for each
center-to-center distance.

The RMS method uses the gradient vectors of the particle
intensity distribution in the image. These gradient vectors
orient toward the brightest point in the image, which is
considered as the particle position. The pRMS method, a
refined version of RMS, utilizes the gradient vectors from
the unaffected regions of the particle intensity distribution
in determining the particle position, excluding contributions
from neighboring particles.

To simplify the analysis, only the horizontal components
of forces and distances were considered. The interaction
force acting on one colloid due to the other was calculated
based on the displacement (Ax) of the average equilibrium
position from the trap center. At this point, the colloid is
in equilibrium as the optical restoring force is balanced
by the interaction force acting on the opposite direction
(F ;’”' = —kyAx and see Fig. 1¢). The resulting force values
are presented in Fig. 3. The graph indicates no significant
difference between the tracking methods at larger center-to-
center distances. However, minor inconsistency appear when
the particles are in close contact. While the RSM method
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absence of external force, along with theoretical calculation results
((1/2)ky Ax? — 6.2487) for various trap stiffness values. In the graph,
the black line represents the external force method, the red line denotes
the potential analysis method, and the blue line corresponds to the MSD
method calibration

introduces small errors, the pRSM method, a refined version
of RSM, demonstrates improved accuracy with respect to the
theoretical force values.

The simulations performed above were repeated for 2 um
diameter particles having a different difraction pattern. In
image generation of 2 um diameter particle, a Gaussian-
Bessel function, I, = (A — Iy) exp(—K?r?)Jo(r/L), was
used with parameters A = 180, Ip = 60, K = 5 and
L = 1/30. The diffraction pattern is similar to the one com-
monly observed in microscopy and the intensity distribution
extends over a long distance from the particle surface. There-
fore, the determining position when the particles are close to
each other is a challenge.

In the simulations of 2 um diameter particle, the opti-
cal stiffness parameter (k,) were obtained as 492.5472 +
6.33 fN/um. The distance between the optical trap centers
was varied from 2.0 to 8.0 xm with a step size of 0.2 um and
the particle trajectories were recorded for 100 s at a frame rate
of 100 frames per second. The recorded images were subse-
quently analyzed using only the RMS method as the particle
intensity distribution was inconsistent for applying the pRMS
method. The pRMS method determines the particle posi-
tion by using the unaffected parts of the particle intensity
distribution from those of neighboring particles. Due to the
small central brightness region of the intensity distribution,
the pRMS method has limitations for 2 um diameter parti-
cles. The simulation, conducted for particles with a diameter
of 2 um, was repeated with different values of the interaction
model constant G = 5 to increase the force magnitude.

Using a similar analysis to that conducted for 5.53 um
diameter particles, the interaction force results for 2 um
diameter particles are presented in Fig. 4a and b. Panel
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Fig.3 (a) illustrates the force measurement results, where the blue cir-
cles correspond to analyses obtained using the radial symmetry method
(RSM) [24], and the red points represent those obtained using the par-
tial radial symmetry method (pRSM) [20]. The black line represents
the theoretical prediction of the interaction model, while the dashed
lines correspond to the calculated force values using trap stiffness

(a) presents the results for the simulation conducted with
G = 1, and panel (b) shows the results for G = 5 in the
interaction model. As can be seen from the figure, inconsis-
tencies between the measured and theoretical values begin
to appear when the distance is smaller than 5 um, which
corresponds to a value larger than the particle diameter.
Additionally, the incoherences between the measured and
theoretical values are more pronounced compared to those
observed for 5.53 um diameter particles (Fig. 4a). Itis under-
stood that the reason for these results lies in the diffraction
patterns of the particles. The diffraction pattern of 5.53 um
diameter particles exhibits a short-range effect, while that
of the 2.00 um diameter particles displays a long-range
effect.

The error in the measured force in such an experiment
arises from a combination of several sources, including posi-
tion determination, calibration, and thermal fluctuations [9].
Specifically, the uncertainty in the force F = k,x can be
expressed using standard error propagation as

AF = /(x ko) + (kx Ax)? ©)
where Ak, is the uncertainty in the trap stiffness determined
through calibration, and Ax is the uncertainty in the parti-
cle’s displacement from the trap center. The total positional
uncertainty Ax includes contributions from both thermal

10 11 12

obtained from potential analysis and the mean square displacement
(MSD) method. In Figure (a), the upper inset provides a magnified
view of a specific region of the graph, while the lower inset depicts
the absolute errors as a function of distance, showing a maximum error
of 120 f N at the contact condition. (b) displays particle images used
during the simulation at various center-to-center distances

fluctuations and image-based position determination errors.
These sources are statistically independent and can be com-
bined in quadrature:

— 2 2
Ax = \/Axthermal + Aximage

Here, AXthermal = +/kgT /kx (which evaluates to 0.0917,
corresponding to A Fihermal = ki, AXthermal = 45.16, fN)
represents the positional fluctuations due to Brownian motion
within the optical trap [36], and AXimage accounts for errors
introduced during position determination, such as pixelation
and camera noise.

In time series analysis, block averaging is a technique used
to reduce noise and estimate the uncertainty of measured
quantities [37]. The time series of position measurements
is divided into N consecutive, non-overlapping blocks. By
averaging the displacements within each block, the random
fluctuations due to measurement noise are smoothed out. The
standard deviation o of the block means reflects the variabil-
ity among these block averages, and the standard error of the
mean (SEM) is given by

o

VN

where N = 20 is the number of blocks (for 100 seconds
of data with 5-second blocks), and o is the standard devi-

Ax image =
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Fig. 4 (a) illustrates the force measurement results for 2 um diame-
ter particles. The blue circles correspond to analyses obtained using the
radial symmetry method (RSM) [24], while the black line represents the
theoretical calculation of the interaction model (for G = 1). The lower
inset in (a) shows the absolute errors as a function of distance, show-
ing a maximum error of 50 f N at the contact condition. (b) illustrates

ation of the block-averaged positions. This SEM quantifies
the uncertainty in position determination caused by image-
based noise, and is taken as Aximage in the force uncertainty
calculation.

This uncertainty is represented as error bars in Fig. 4a and
b by applying (6). These error bars reflect only the uncer-
tainty arising from the RSM algorithm, where image noise is
the dominant factor. The algorithm cannot eliminate the over-
lapping effects of the diffraction pattern, which contributes
to the overall measurement error.

Therefore, the differences between the measured and the-
oretical values (i.e., the absolute errors) shown in the graphs
can be attributed primarily to the contribution of diffraction
pattern overlap within the total uncertainty. To better under-
stand this behavior, the relative error is calculated as

| Fineas — Ftheol
Erelative = ——————
Fiheo
where Fpeas and Fipeo are the measured and theoretical
forces, respectively. As shown in Fig. 4a and b, the relative
error is approximately 3.30 at a 3 um center-to-center dis-
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6 3.2 ym

the force measurement results from the repeated simulations shown in
(a) for G = 5. (c) presents the intensity profile of the 2 um diameter
particles, corresponding to the red line drawn across the particle image
displayed in the upper inset. (d) displays particle images used during the
simulation at various center-to-center distances, where the overlapping
effect is more apparent compared to 5.53 um diameter particles

tance for the simulation with G = 1, but decreases to 0.50 at
the same distance for G = 5. This indicates that as the force
magnitude increases, the relative error decreases, suggesting
that higher forces lead to more accurate measurements and
reduce the impact of overlapping diffraction patterns. There-
fore, the reliability of the force measurements improves with
increasing force values.

The maximum error in the interaction force measurement
is approximately 120fN (0.12pN) for 5.53 um diameter
particles and 50fN for 2.00 um diameter particles under
close-contact conditions for the RSM method. When consid-
ering the relative error between the measurement absolute
error and the theoretical force values, the relative error
are approximately 0.11 for 5.53 um particles and 3.33 for
2.00 pm particles. For 5.53 um diameter particles, the ratio
is small because the diffraction pattern of these particles has
a limited effect on the intensity distribution of neighboring
particles (see Fig. 3b). This minimizes the overlapping effect
and reduces errors in the interaction force measurements. For
2.00 um diameter particles, the ratio is larger due to the more
extensive diffraction pattern, which significantly affects the
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intensity distribution of neighboring particles (see Fig. 4c and
d). This increased overlapping effect leads to greater errors
in the interaction force measurements.

Calibration errors typically arise from uncertainties in
pixel size, optical distortions, and instrument stability. In
well-calibrated systems, these errors are generally on the
order of tens of nanometers in position, which corresponds
to a few femto-Newtons in force estimation depending on
the force gradient. Thermal noise, caused by the Brow-
nian motion of colloidal particles, introduces fluctuations
that depend on particle size, temperature, and measurement
timescale. For particles of the sizes considered here, thermal
force fluctuations are typically on the order of a few tens
of femto-Newtons. Therefore, the systematic errors due to
diffraction pattern overlap reported in this work, reaching up
to 120 fN, can be comparable to or even exceed other com-
mon sources of error in digital video microscopy, especially
when measuring weak forces. This underscores the impor-
tance of accounting for such systematic effects to improve
the accuracy of force measurements.

The overlapping of particle images is caused by the
diffraction patterns of the particles. Larger diffraction pat-
terns result in greater errors in position detection. Further-
more, fluctuations in the intensity of the diffraction pattern
can substantially distort the intensity distribution of nearby
particles, amplifying the error magnitude. Adjusting the
intensity of the particle diffraction pattern during exper-
iments may help reduce these errors. In such cases, the
overlapping effect may become negligible during analysis
(see Fig. 3a).

The overlapping effect distorts the information of the par-
ticle position. Especially when the interaction between the
particles depends on the distance between them, this dis-
tortion can lead to inaccuracies in force measurements and
interaction analysis. The overlapping of diffraction patterns
not only affects the precision of positional data but also intro-
duces systematic errors that become more pronounced as
the particles approach to contact (see Fig. 4a). Therefore,
minimizing the overlapping effect s crucial for accurate char-
acterization of particle interactions, particularly in systems
where precise distance measurements are critical.

To mitigate errors arising from overlapping diffraction
patterns, several experimental strategies can be employed.
Using high numerical aperture objectives reduces the size
of diffraction-limited spots and improves lateral resolution.
Additionally, adjusting the particles along the optical (z-)
axis may slightly defocus the image, but it can also decrease
the spatial extent of the diffraction pattern. Illumination
with partially coherent or structured light may help suppress
interference effects and enhance image clarity. Furthermore,
advanced imaging techniques such as digital holography or
deconvolution microscopy can improve positional accuracy
by more precisely reconstructing particle locations.

4 Conclusion

This study investigated the errors occurring from the over-
lapping effect in force measurements between two colloidal
particles under close-contact conditions. Using computer
simulations, particle trajectories were generated and corre-
sponding particle images were analyzed using established
tracking algorithms. The results demonstrated that diffrac-
tion patterns significantly influence the accuracy of particle
position detection and interaction force calculations. Larger
diffraction patterns and their intensity fluctuations introduces
greater errors.

The overlapping effect causes systematic errors in deter-
mining particle positions. The magnitude of these errors
depends on the characteristics of the diffraction patterns
in the image. Large diffraction patterns introduce signifi-
cant errors in observing any interaction forces. Therefore,
the error magnitude is independent of the interaction model.
When the magnitude of the interaction forces is significantly
larger than the magnitude of the overlapping errors, these
errors can be considered negligible (see Figs. 3a and 4b,
where one can extract the gravitational constant G). How-
ever, when the interaction forces are small compared to the
overlapping errors (i.e., high relative error), the measured
interaction forces contain significant systematic errors (see
Fig. 4a), making it challenging to extract the gravitational
constant G. This difficulty can severely limit the accuracy of
interaction analysis, particularly when the underlying inter-
action model is not known.

To estimate image-based uncertainty in particle position,
the block averaging technique was employed. This approach
allowed for a quantification of the standard error arising
from image analysis noise. Our results show that errors
caused by diffraction pattern overlap significantly impair
force accuracy, particularly at short interparticle distances.
Furthermore, the relative error between measured and the-
oretical force values decreases as the interaction strength
increases, indicating that stronger forces yield more reliable
measurements.

The findings highlight the importance of minimizing
the overlapping effect to improve the accuracy of mea-
surements, especially in systems where precise interparticle
distances are critical for interaction analyses. Refining track-
ing algorithms, reducing diffraction pattern intensities or
developing alternative imaging techniques could provide
pathways to reduce these errors. This work provides views
on the challenges and potential solutions in accurately mea-
suring interaction forces between closely spaced colloids in
optical trapping experiments.
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