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Analyzing radial and azimuthal Brownian motion in
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Optical trapping, orchestrated by intensity-gradient forces
and radiation pressure, is a powerful technique in physics
and nanotechnology that enables precise control and ma-
nipulation of microscopic and nanoscale particles with
widespread applications in biotechnology, nanoscience, and
fundamental physics research. The annular intensity pro-
file and helical phase structure of Laguerre-Gaussian (LG)
beams furnish unparalleled conditions for optical trapping,
particularly, in the context of studying rotational motion
of particles known as tweezing. Here, we study tweezing of
dielectric particles trapped with higher-order LG beams un-
der the strong focusing condition and in the presence of
spherical aberrations. We quantify the transverse trap stiff-
ness with the aid of two complementary approaches—Boltz-
mann statistics and the equipartition theorem—through a
comprehensive analysis of the times series of the radial and
angular position of a particle. In contrast to the quadrant
photodiode (QPD) method, which is faster but has a limited
field of view and requires careful calibration, our wide-field
imaging-based approach provides direct distance calibra-
tion and allows accurate stiffness measurements even when
the trapped particle experiences a significant slowdown or
the light field distribution lacks perfect axial symmetry. The
method offers several attractive advantages: (i) it enables re-
liable characterization of stiffness anisotropy for LG traps
with topological charges up to £=7; (ii) it remains robust
in the presence of aberrations that distort the axial symme-
try of the beam; and (iii) it provides insight into both radial
stability and angular-velocity variations. The proposed ap-
proach can enhance the accuracy of optical trapping mea-
surements, improve the design of high-order LG optical
traps, and deepen our understanding of particle behavior in
complex optical potential landscapes. © 2025 Optica Publishing
Group. All rights, including for text and data mining (TDM), Artificial
Intelligence (Al) training, and similar technologies, are reserved.
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Optical trapping has become an essential technique for non-
invasive manipulation and mechanical characterization of
micro- and nano-scale particles. Among its key performance
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metrics, trap stiffness plays a central role in quantifying op-
tical forces, particularly in applications across biophysics and
materials science [1,2]. The optical trapping technique, which
is underpinned by the intensity gradient force and radiation
pressure, enables precise control over the motion and position-
ing of microscopic particles, making it widely applicable in
biotechnology, nanoscience, and fundamental physics research.
Recent developments in structured light, especially La-
guerre—Gaussian (LG) beams that carry orbital angular momen-
tum (OAM), have opened new avenues for particle manipulation
through tailored phase and intensity distributions [3—7]. The an-
nular intensity profile and helical phase structure of LG beams
create unique optical potential landscapes, enabling stable three-
dimensional trapping but also imparting rotational motion to
trapped particles. While conventional Gaussian beams are still
commonly used for polystyrene particle trapping [8,9], the topo-
logical charges (TCs) embedded in LG beams significantly
modify both transverse and axial stiffness characteristics [10].
Despite increasing interest in OAM-based trapping, the in-
fluence of higher-order TCs (e.g., £ =7) on trap stiffness and
particle dynamics remains poorly understood. Previous stud-
ies on lower-order modes (¢ = 1-3) have shown asymmetries
in stiffness and rotational motion [3,11], but systematic evalua-
tion of stiffness behavior and stability at higher € values are still
lacking. In this work, we address this gap through a combined
theoretical and experimental approach. We evaluate the optical
trap stiffness using two complementary techniques: Boltzmann
statistics and the equipartition theorem, based on precise mea-
surements of particle fluctuations. We analyze the trapped parti-
cle motion by tracking both its radial and angular positions over
time, as well as determining the radial position distribution and
angular velocity. In particular, we use the statistical properties
of radial fluctuations as a sensitive indicator of trap stability.
The present study relies on the established theoretical frame-
work for calculating the stiffness of the trap for confined particles
in a fluid, where light refraction occurs within the particles and
spherical aberration is present [12,13]. It should be noted that
in several recent publications, the stiffness of the trap was de-
termined solely from fluctuations in the position of a particle
relative to the center of the beam when trapped by a Gaussian
beam. In this work, we notice a similarity between these center-
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position fluctuations in Gaussian beam traps and the fluctuations
of the particle position relative to its mean radial location in
our LG beam experiments. This analogy allows us to adopt the
same formulation for stiffness determination. A theoretical treat-
ment specifically tailored to the present LG-beam case remains
an open problem.

In our experiments, the required LG beams were generated
by diffracting a Gaussian beam from homemade purely ampli-
tude fork-shaped gratings printed on transparent plastic sheets.
Experimental results reveal that, for beams with a TC greater
than 3 and under strong focusing conditions (Olympus objective
lens, UPlan, 100x, NA=1.3, Oil immersion), the angular veloc-
ity of trapped particles within the beam’s intensity ring varies
nonlinearly with azimuthal position. This angular-velocity non-
uniformity is likely a consequence of spherical aberration, which
has been predicted theoretically in previous works [4]. Such a
phenomenon may arise from significant modifications of the
optical field within the intensity ring at the focus of a high-
NA lens, together with a nonlinear distribution of diffractive
forces [4].

In the approach presented here, transverse trap stiffness is de-
termined by analyzing radial position fluctuations of the trapped
particle, unlike the conventional quadrant photodiode (QPD)
method, which measures the position and fluctuations of the par-
ticle by detecting the intensity of scattered light across its four
quadrants, but is limited by the angular collection range of the
scattered light [14,15]. Our method enables accurate determi-
nation of the stiffness anisotropy of high-topological-charge LG
optical traps in the focal plane, as well as their anisotropy. For
instance, when the spherical aberration of a high-NA focused
LG beam exceeds a certain threshold, the aberration becomes
large enough to distort the beam’s ring intensity distribution,
breaking its circular symmetry. As a result, a particle trapped in
one region of this asymmetric intensity ring may almost come
to rest, with a substantial portion of its scattered light failing to
reach the QPD. In contrast, our imaging-based method for mea-
suring the radial position of the particle maintains high accuracy
even when the particle exhibits a significant slowdown in the
high-intensity/low-phase-gradient regions of the beam ring. It
is worth noting that in [16], an imaging method was used for
tailoring bistability in optical tweezers using vortex beams and
spherical aberration. In that work, the trap stiffness was still es-
timated from the power spectral density of the x coordinate of
the microsphere position.

In this study, we introduce a novel approach for quantifying
the trapping strength of LG beams through a comprehensive
analysis of the radial and angular fluctuations of the particle
position, combined with variations in its angular velocity. As
shown in Fig. 1(a), a 1064 nm laser beam is expanded and di-
rected onto a fork grating with TCs € =4 — 7. A 4f system, using
a 40cm focal length lens and a circular aperture at its Fourier
plane, isolates the +1 order, forming an LG beam sized to fit the
objective’s entrance pupil. The selected order is reflected by a
dichroic mirror (DM) and focused by an objective lens (Obj),
forming an optical trap at the focal plane within the sample. Si-
multaneously, the sample is uniformly illuminated with white
light from a lamp via a condenser lens (Cond.). The transmitted
light passes through the DM, is reflected by mirror M2, and the
image of the trapped particle is projected by imaging lens (IL)
onto a camera placed at the focal plane of IL. Figures 1(b)-1(d)
show the transmittance of an amplitude fork grating, along with
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Fig. 1. (a) Schematic of the optical trapping setup. Central inset
shows diffraction-order filtering at the Fourier plane of the first lens,
transmitting only the +1 diffraction order. (b) Transmittance profile
of an amplitude fork grating with ¢ = 7. (c) Experimental intensity
distribution, recorded before the objective, and (d) the correspond-
ing ideal phase distribution for the +1 order LG beam.

the intensity and phase profiles of the resulting LG beam in the
+1 diffraction order. All fork gratings used in this work feature a
period of 2.5 lines/mm and were fabricated on a fully transpar-
ent plastic substrate with a thickness of 0.2 mm. While the TC is
an intrinsic property of the fork dislocations and not the grating
period, a larger period degrades beam quality.

In optical trapping, the motion of the particles is governed by
the intensity gradient and radiation pressure of the laser beam.
In this study, the trajectory of a single polystyrene particle (di-
ameter 1.18 pm, in water medium) within the trap follows an
approximately circular path of radius r,.. The coordinates (x;,y;)
of the particle position were extracted as the center of mass
in each frame using a high-resolution camera with a spatial
precision of 59nm/pixel at 30 fps, enabling accurate spatio-
temporal tracking. (x;,y;) are given relative to the coordinate
system whose origin is located at the corner of the laboratory
camera.

The trapped particle circulates due to the OAM of the optical
field. As shown in Fig. 2(a), the center of the circular trajec-
tory (C,, C,) is taken as the global center of mass. We display
the detected positions of the trapped particle over a 50s inter-
val under LG beam illumination with € =7 in Fig. 2(b). The red
line traces the overall circular trajectory of the particle, while
the solid blue dots indicate its positions in individual frames.
Figure 2(c) presents the corresponding radial position fluctua-
tions over time for ¢ =7, revealing the stability of the circular
motion. For comparison, Fig. 2(d) exhibits the positions of the
detected particles over the same time period when illuminated
with LG beams of ¢ = 4, 5, and 6, demonstrating the effect of
TC on the trajectory of the particle. We can infer from the fig-
ure that larger ¢ values yield larger rotation path radii, while
stability decreases as a result of weaker gradient confinement.
The observed path asymmetries and localized particle slow-
downs likely stem from aberrations introduced by the tightly
focusing objective lens, though contributions from other fac-
tors like fabrication imperfections in the fork gratings cannot
be ruled out. These effects lead to asymmetries in the spatial
distribution and deviations from quadratic behavior in resulting
potential energy profiles, as detailed below. See also Visualiza-
tion 1, Visualization 2, Visualization 3 and Visualization 4 for
details.

We determine the radial and azimuthal coordinates of the par-
ticle relative to the center of its circular trajectory, corresponding


https://doi.org/10.6084/m9.figshare.30048181
https://doi.org/10.6084/m9.figshare.30048181
https://doi.org/10.6084/m9.figshare.30048184
https://doi.org/10.6084/m9.figshare.30048193
https://doi.org/10.6084/m9.figshare.30048199

Letter

@ .~ ek (¢
/AN 10

20 30 40 50
Time (s)
=5 =6
2 4 6 2 4 6
x (um) x (um)

Fig. 2. (a) Schematic of the mean particle position in recorded
trajectory (black dot) and its positions in individual frames (blue
dots), where r.. denotes the mean trajectory radius. (b) Detected po-
sitions of the trapped particle over 50 s under LG beam illumination
with ¢ =7, the red line traces the particle’s rotation path. (c) Radial
position fluctuations over time for ¢ = 7. (d) Particle positions over
50s under illumination with LG beams of £ =4 — 6 (See Visualiza-
tion 1, Visualization 2, Visualization 3 and Visualization 4).

to its radial and angular positions in the optical trap as follows:

=y -C2+(y; - C,)2, (1)
—an—1 yi_Cy
o=t (222). (@)

where (C,, C,)is the trap center obtained from the mean particle
position over the recorded trajectory, evaluated as:

| AR
(C..Cy) = (N le N;y,-). 3)

The coordinates (x;,y;) are determined with a precision corre-
sponding to the pixel size in each frame, followed by the analysis
of the temporal evolution of (r;, §;). In the measurements pre-
sented here, the particle completes approximately seven full
revolutions around the circle within 50s of observation.

The radial coordinate variation per frame, Ar;, is:

| N
Ar;=r;—r,, where r.= N Z r;. (4)
i=1

r.. is the mean radius of the particle trajectory. The time series of
radial variations contains information about the stability of par-
ticle motion and its deviation from the center of the ring-shaped
optical trap. As shown in Fig. 2(c), these variations reveal small
fluctuations caused by the interaction with a fluid that temporar-
ily displace the particle from its ideal circular trajectory. The
laser power within the sample was maintained at 11 mW.
Figures 3(a) and 3(b) show the measured angular coordinate
0, and its variation due to rotation with the mean angular veloc-
ity for € =7. From a linear fit to these data, we estimate the mean
angular velocity of the particle to be @ = 0.90 rad/s. Figure 3(c)
shows the angular velocity as a function of azimuthal position.
The data bar for each segment represents the mean angular ve-
locity, averaged over all recorded rotations. Due to a relatively
low laser power and significant focusing aberrations—primarily
spherical aberration—the particle occasionally fails to main-
tain forward motion, causing deviations in its angular position
from a perfectly uniform pattern. These aberrations distort the

Vol. 50, No. 22/15 November 2025/Optics Letters 7105

= 40 =
3 (a) =1
<20

g
< ,|(b)
13
0
< -2

4 . . . A

0 10 20 30 40 50
Time (s) Angular segment number, n

Fig. 3. (a) Angular coordinate of the particle over time. (b) Tem-
poral variations of the angular position relative to its expected value
for constant rotation. (c) Angular velocity versus azimuthal position
(see Visualization 1, Visualization 2, Visualization 3 and Visual-
ization 4).
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Fig. 4. Radial position distribution of the particle in the ring-
shaped optical trap for TCs ¢ =4,5,6,7.

intensity and phase gradient in the ring-shaped profile of the
vortex beam. Other potential factors—including fabrication im-
perfections specific to each fork grating, particle and medium
properties, and laser power—were considered constant to isolate
the effects of TC and aberration. Visualization 1, Visualiza-
tion 2, Visualization 3 and Visualization 4 show the measured
@ values for ¢ =4 — 6, demonstrating the non-uniform motion.

InFig. 4, we present the radial position distribution of the par-
ticle in the ring-shaped optical trap for TCs ¢ =4 — 7. For each
case, we fitted the histogram of radial positions with a Gaussian
function to quantify the confinement of the particle in the radial
direction. For ¢ =7, the fit yields a full width at half maximum
(FWHM) of 0.62 pm, which characterizes the spatial extent
of particle motion along the radial direction within the optical
trap. We computed the distribution width using a kernel density
estimation with Silverman’s rule [17], which provides an accu-
rate estimate of the probability density function. A comparison
across different TCs shows that the radial confinement is slightly
dependent on ¢, with higher-order beams generally producing
marginally broader distributions due to their larger ring radii.

We quantified the radial (transverse) stiffness of the optical
trap through statistical analysis of the Brownian motion of the
particle in the radial direction. The equipartition theorem offers a
direct means to determine the stiffness of the trap without requir-
ing prior knowledge of the medium viscosity or the geometry
of the particle, relying solely on accurate position calibration of
the detection system. For a particle in thermal equilibrium with
its surroundings, the theorem states that:

1 1
5k(Ar2> = SksT, (5)

where k is the trap stiffness (pN/nm), (Ar?) is the vari-
ance of radial displacement, kg is the Boltzmann constant
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Fig. 5. (a) Measured potential energy profiles. Stiffness values
were obtained from parabolic fits. (b) Trap stiffness calculated from
the harmonic potential fit and Boltzmann statistics, and measured
mean angular velocity for TCs ¢ =4 -7.

(1.38 x 10723 J/K), and T is the absolute temperature (298K in
our experiment). The radial displacement variance was calcu-
lated from 1,500 position measurements (30 fps over 50s) as:

N

A= (r-r)? (6)

i=1
where r; and r,. are given by Eqgs. (1) and (4), respectively. For
¢ =7, from the measured displacement variance, we obtain:
kgT

A= (5.3+0.2) x 107 pN/nm. (7

To validate this result, we alternatively extracted the trap stift-
ness from the optical potential energy profile using Boltzmann
statistics:

U(Ar) =—kgTIn[P(Ar)] + const, (8)

where P(Ar) is the probability density of finding with radial dis-
placement Ar from the trap center. We obtained the probability
distribution from particle tracking data, converted to potential
energy via Eq. (7), and fitted with a harmonic form as:

U(Ar) = %kmz. 9)

Using the position distributions presented in Fig. 4, we show
the corresponding potential energy plots in Fig. 5(a). For ¢ =7,
fitting the parabolic potential well yielding:

k=(58+04)x107> pN/nm, (10)

which is in excellent agreement with the value from the equipar-
tition theorem. Errors are evaluated based on uncertainties in
time, position, temperature, and fitting statistics. From the radial
position distributions in the high- (red dashed) and low-angular-
velocity (green dashed) regions of Fig. 2(b), we obtained k =
2.6x10™* and 8.5 x 10~ pN/nm, respectively, revealing stiff-
ness asymmetry. Figure 5(b) presents the trap stiffness, obtained
from both the equipartition method and Boltzmann statistics
method, as well as the angular velocity for € =4 —7. The trap
stiffness decreases monotonically with increasing TC, as the ex-
panding intensity ring weakens the radial optical confinement,
an effect that may be further enhanced by spherical aberrations.
In contrast, the angular velocity follows a non-monotonic trend:
while a higher TC enhances the phase gradient, nonlinear drag
due to optical potential imperfections (see £ =5 and ¢ =06 in
Fig. 5(a)) counteracts this effect, reaching its maximum at € = 6.

In conclusion, we have experimentally investigated the trap-
ping stiffness and tweezing dynamics of dielectric particles in
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LG traps with higher-order TCs under strong focusing and in
the presence of spherical aberrations. By drawing on an anal-
ogy with trapping with Gaussian beams, we applied established
stiffness formulations and quantified stiffness anisotropy us-
ing Boltzmann statistics and the equipartition theorem. Our
imaging-based method enables accurate measurements up to
¢ =17 even in the presence of beam asymmetries or particle
slowdown, overcoming limitations of the conventional QPD ap-
proach. Our findings offer valuable insight into the behavior of
trapped particles in complex optical potentials and serve as a
practical guide to help optimize higher-order LG optical traps.
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