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Abstract
The dynamics of solute flow in the microscopic chamber can be studied with optical tweezers. A method based on the metallic 
microbeads trapped in the focused optical vortex beam is proposed. This annular beam of a twisted wavefront exerts torque 
on a reflective object placed inside the dark core of the vortex. The induced rotational movement of the bead is sensitive to 
local viscosity changes in the surrounding medium, for example, during the ongoing dissolution process. Two experimental 
configurations are described, both relying on tracing the angular velocity of the bead in time. In one-bead configuration, 
the dynamics of local solute concentration can be studied. In two-bead case, the direction and speed of solute flow can be 
probed with a spatial resolution of single micrometers. We approach the elementary problem of sucrose dissolution and dif-
fusion in water. The surprising impression of the reverse solute flow was observed. Further experimental investigation led to 
the discovery that this phenomenon originates from the sucrose stream-like diffusion in the mid-depth of the measurement 
chamber. The rotating microbead method applies for various solid and liquid substances and may become a useful technique 
for microfluidics research.
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1 Introduction

Optical vortex is a singular beam of a helical wavefront, 
which means that the phase of the vortex beam circulates 
around the optical axis (Vasnetsov 1999, Soskin 2001). In 
the cross section of the vortex phase distribution (Fig. 1a), 
the equiphase lines converge to a single point, called a vor-
tex point, in which the phase is undetermined. In terms of 
intensity, the cross section of the optical vortex is a bright 
ring with a dark disk in the center (Fig. 1b).

Vortex beams can be used for optical trapping in optical 
tweezers (Torres 2011, Padgett 2011, Jones 2015). Trans-
parent particles of the radius smaller than the radius of the 
vortex beam (e.g., submicron-sized particles) are typically 
trapped by the bright ring and move along it (Simpson 2010, 
Bacia 2015). On the other hand, the transparent particles 
large enough to cover the bright ring of the optical vortex 
beam are trapped at the beam center (Simpson 2010) and so 
are opaque particles of any size. An example of an opaque 
particle is a reflective micrometer-sized metallic bead (MB) 
used in this study. The MB placed inside the dark disk is 
surrounded by the bright ring of high light intensity and gets 
repelled from the ring toward its center due to radiation pres-
sure. Thus, the MB is trapped in the dark disk in x–y plane 
and partially along the optical axis z.

The twisted curvature of the wavefront results in nonzero 
angular momentum carried by the optical vortex (Torres 
2011). This type of angular momentum is called orbital 
angular momentum (OAM) in contrast to the spin angular 

momentum (SAM) arising from circular or elliptical polari-
zation of light. In other words, a characteristic, helical spatial 
distribution of the optical field is responsible for the pres-
ence of OAM in optical vortex. Each photon in the vortex 
beam carries OAM equal to ± mℏ, where the sign depends 
on the handedness of the wavefront helix, m is a parameter 
called topological charge, and ℏ is a reduced Planck con-
stant. The higher the vortex charge m, the larger the diameter 
of the bright ring. The transfer of orbital angular momentum 
between light and matter was observed for the first time by 
He et al. (1995). After directing a vortex beam onto absorp-
tive CuO particles suspended in water, the particles rotated 
in the direction determined by the sign of the topological 
charge of the vortex. Quantitative measurements of the 
angular momentum transfer were also reported (Parkin 2006, 
Asavei 2013, Lamperska 2020). The transfer of OAM can be 
also achieved with reflective particles such as MBs. The MB 
illuminated with an optical vortex experiences a constant net 
torque. Therefore, trapping the reflective particle with a vor-
tex beam not only prevents bead’s translation but also causes 
its rotations (Fig. 1c). The rotational speed depends on beam 
parameters (laser power, vortex charge), size of the MB and 
viscosity of the surrounding medium. For fixed beam param-
eters, the rotating MB becomes a sensitive detector of any 
changes in viscosity of the medium. In particular, the viscos-
ity growth is indicated by the drop in rotational speed of the 
trapped bead. The change in viscosity may result from the 
change in concentration of the solution. The concentration 
can be changed dynamically, for example, during the process 
of solute diffusion across the sample. We used this approach 
to study the microscale sucrose diffusion dynamics.

In this paper, we report on the measurement method 
based on vortex-induced rotations of MB and then apply 
it to study the diffusion dynamics in microscale. We revisit 
the elementary problem of sucrose dissolution in water 
in an unconventional manner. Two-laser optical tweezers 
(Lamperska 2017) based on the inverted biological micro-
scope are used to generate vortex traps, manipulate the 
trapped beads and record the magnified image of the sam-
ple. A single rotating MB acts as a microsensor for viscosity 
changes at the specific point of the sample. Three different 
phases of MB motion were identified, and their background 
was discussed. The one-MB method proved useful in study-
ing the dynamics of local solute concentration. Furthermore, 
by using two rotating MBs separated by less than one-tenth 
of millimeter, one can detect the direction and the propaga-
tion speed of sucrose diffusion. The quantity of interest is 
variations of the MB rotation due to viscosity changes. We 
report on the nonintuitive observation of distinctive solute 
flow in the chamber. The origin of this phenomenon was 
attributed to the sucrose stream-like diffusion in the central 
depth of the measurement chamber. Two-MB method offers 
the opportunity to probe the diffusion flow with a spatial 

Fig. 1  Optical vortex: a cross section of the phase distribution 
(central point is a vortex point); b cross section of the intensity dis-
tribution; c schematic view of a metallic bead set into rotations by 
the focused optical vortex. White arrows represent the incident and 
reflected rays (for the beam propagating upward). The rotation 
direction is reversed upon reflection, and thus, the nonzero angular 
momentum is transferred to the trapped bead
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resolution of single micrometers. There exist a few methods 
of studying fluid flows with comparable or greater resolu-
tion, such as micro-particle image velocimetry (Lindken 
2009, Wereley 2010), surface plasmon resonance (Ahangar 
2020, Jeong 2021), micro-laser Doppler velocimetry (Czar-
ske 2015), positron emission particle tracking (Langford 
2016), NRM (Lee 2001) and MRI (Elkins 2007). Most of 
these techniques require advanced research equipment and 
are limited to specific experimental conditions (in terms 
of substrate, substances and physical properties). Here, we 
present a method designed for studying diffusion based on 
optical tweezers. Nowadays, optical tweezers can be found in 
many optical laboratories, and thus, we believe the proposed 
method could be implemented and tested by a number of 
research groups.

2  Experimental setup

The experiments were performed in two-laser optical twee-
zers shown in Fig. 2a. In this system, there are two optical 
paths–holographic and non-holographic one. Each path is 
equipped with a separate laser source emitting the infrared 
beam of Gaussian intensity distribution. The holographic 
path is built of Nd:YAG laser (Quantum Ventus, wavelength: 
1064 nm, 4 W) and spatial light modulator (SLM, HoloEye-
Pluto). SLM converts the incident Gaussian beam into one 
or more vortex beams. Vortex charge m is determined by 

the structure of the computer-generated phase hologram dis-
played on the SLM matrix (Fig. 2b, c). Moreover, combin-
ing vortex-generating hologram with the phase diffraction 
grating (Fig. 2d) enables to control the vortex trap position 
in the observation plane. The non-holographic path consists 
of Nd:YAG laser (Quantum Ventus, wavelength: 1064 nm, 
3 W) and a system of two scanning galvanometer mirrors 
(Thorlabs, GVS002). Electrically addressed mirrors deflect 
the incident Gaussian beam providing precise beam steering. 
In both paths, half-wave plates are used to set two orthogonal 
linear polarization states of the beams. The beams are com-
bined by a polarizing beamsplitter (PBS) and then focused 
by a microscope objective (100x, oil-immersion, NA = 1.3, 
Olympus UPLAN FL N) in the sample plane. The sample 
plane is illuminated with a halogen lamp, imaged onto the 
CMOS camera and displayed on the computer screen.

In the sample plane, tightly focused beams become opti-
cal traps of two kinds–vortex traps from the holographic 
path and Gaussian traps from the non-holographic path. The 
holographic beam suffers from substantial power losses at 
the reflection from the SLM, whereas the non-holographic 
beam leaves the system of galvanic mirrors almost lossless. 
Thus, despite the higher output power of the vortex-gener-
ating laser, vortex traps are weaker than non-holographic 
traps. Vortex traps are used for trapping the particles in 
a fixed position and induce their rotations due to angular 
momentum transfer from the beam to the particle. The non-
holographic path supports the experiments with an auxiliary 

Fig. 2  a Simplified scheme 
of two-laser optical tweezers 
consisting of holographic and 
non-holographic optical path; 
λ/2—half-wave plate, PBS—
polarizing beamsplitter, SLM—
spatial light modulator; (b–d) 
exemplary computer-generated 
phase holograms displayed on 
the SLM: b hologram produc-
ing vortex of charge m = 20; c 
hologram producing vortex of 
charge m = 30; d the same as 
in c but with added diffraction 
grating. The position of the 
optical vortex in the sample 
plane is controlled by the 
density and direction of the dif-
fraction grating
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Gaussian trap used for detaching the MBs from the bottom 
coverslip.

3  Materials and methods

The sample consisted of a chamber sandwiched between 
two coverslips (Fig. 3). The chamber was made by cutting a 
desired shape in a one-millimeter-high foam tape. Whereas 
the bottom coverslip covered the entire chamber, the top cov-
erslip left a small gap. At the beginning of each experiment, 
the chamber was filled with the metallic microbead suspen-
sion. During the experiment, the desired substance (either 
solid or liquid) could be added to the sample through the 
gap. Chambers of two different geometries were used. The 
first one was a simple circular chamber (Fig. 3a). According 
to its name, it had a single circular cavity (10 mm in diam-
eter) of the volume of 78 µl. The second one was a bicircular 
chamber (Fig. 3b, c) consisting of two circular cavities (both 
5 mm in diameter) connected with a channel. The total vol-
ume of bicircular chamber was about 41 µl. For the sake of 
clarity, the cavity with a gap is referred to as cavity A and 
the fully enclosed cavity is named cavity B.

The metallic microbead suspension was made by sus-
pending 0.5 µl of dry silver-coated soda lime glass micro-
spheres (Cospheric SLGMS-AG, particle size: 5–22 µm) in 
1 ml of purified water and adding 0.1 µl of powdered BSA 
(bovine serum albumin). Metallic beads tend to sink and 
accumulate at the bottom glass of the sample. BSA was used 
for reducing the unwanted effect of beads attaching to the 
glass. Otherwise, it would be challenging to detach the beads 
with just the use of optical forces. The solution was stored 
in 4 °C and mixed for 5 min before use. During the experi-
ments, the crystals of sucrose (saccharose, table sugar) were 
added to the chamber. The average mass of a typical crystal 
used in experiment was estimated at (1.0 ± 0.1) mg.

4  Measurement procedure

The measurement procedure in the bicircular chamber was 
as follows. In the first step, the sample was prepared–the 
chamber was cut and filled with metallic beads suspension. 
Then, in the desired region of the chamber, two beads of a 
similar size (8–12 µm) were trapped in two separate vortex 
traps. The distance between traps was about 70–80 µm. This 
separation (7–10 times as large as the bead) is large enough 
to prevent one bead affecting the other. The vortex charge m 
was adjusted to the bead size so as to achieve the stable rota-
tional speed (Fig. 4b). For a narrow vortex ring (low charge), 
the rotations are very fast and may cause escaping the bead 
from the trap (Fig. 4a). On the other hand, wide ring (high 
charge) causes slow, nonuniform rotations (Fig. 4c). Since 
the measurements are based on tracking the change in rota-
tional speed, its absolute value is irrelevant and may be dif-
ferent for both beads. Apart from inducing rotations, optical 
vortex also serves to lift the bead a few micrometers away 
from the bottom glass in order to eliminate bead-surface 
interaction. For the lifting to occur, the radiation pressure 
imparted on the bead needs to overcome the mass of the 
bead. In the oversized vortex (Fig. 4c), there is too little 
radiation pressure inside wide central dark disk and the bead 
stays at the bottom of the chamber. The vortex charge used 
for 8–12 µm beads ranged from m = 24 to m = 30.

In the third step, the recording of beads rotations starts. 
As a rule of thumb, after 4–5 min of undisturbed motion the 
rotations were considered stable which was confirmed by the 
visual inspection. Next, one sucrose crystal is added through 
the gap at the top of the chamber. As the sucrose dissolves, 
the viscosity inside the chamber increases. In reaction to the 
viscous drag growth, the rotations of the beads slow down. 
Comparing the reaction time for both beads one can find the 
direction and the speed of sucrose diffusion in the chamber. 
Fortunately, the beads are not perfectly smooth, but there are 

Fig. 3  Schematic of the a circular and b bicircular chambers and c 
dimensions of the bicircular chamber; in (b) and (c) letters A and B 
denote cavity A and B, respectively. The chambers were cut in the 
foam tape (gray layer) and placed between two coverslips (blue lay-
ers). The top coverslip did not cover the chamber entirely. The narrow 
gap allowed for adding solid or liquid substances to the chamber dur-

ing the experiment. The gap width was about 1.5 mm for both types 
of chambers. The depth was uniform in the entire chamber. The sam-
ple thickness was 1.34 mm (1 mm foam tape + 2·0.17 mm coverslips); 
In c, a square in cavity A represents one sucrose crystal (approx. a 
cube of side length 0.9 mm) added through a gap. Units: millimeters
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some impurities attached to their surface which make the 
rotations visible (e.g., see Online Resource 1). Therefore, 
the exact values of the angular velocity can be reconstructed 
straight from the recording. The movie was processed by 
hand as the rotational velocities were relatively small (of the 
order of one rotation per second). In case of faster rotations, 
one would probably need to process the movie automatically 
with some dedicated software. Depending on the rotational 
velocity, a proper frame rate of the recording should be pro-
vided in order to follow the bead motion. In our experiments, 
the sufficient recording speed was 60 fps.

Although the presented procedure refers to two-bead 
experiments, a similar treatment is used for the one-bead 
case (in circular chamber). Instead of two optical vortex 
traps, only one trap is generated. Since the laser power is 
no longer divided between two traps, there is greater radia-
tion pressure (lifting force) in the single trap. This allows 
for using larger beads (12–16 µm) in one-bead experiments. 
Vortex charge ranged from m = 30 to m = 35.

5  Results

5.1  Circular chamber

A single rotating bead was located in the central region of 
the cavity (Fig. 5a, inset). Subsequent crystals of sucrose 
were added in 5-min intervals. There is a characteristic pat-
tern in the graph shown in Fig. 5a. After each addition, the 
rotations of the bead speed up for about 20–40 s, then slow 
down substantially and speed up again until another addi-
tion occurs. These three identified phases of bead motion 
originate from three different effects. The crystal of sucrose 

put into the chamber triggers a mechanical disturbance in 
liquid resembling a stone thrown into the water. However, 
if instead the insoluble substance is added to the chamber, 
for example, a grain of sand, the generated disturbance is 
many times weaker. It led us to conclusion that the induced 
mechanical wave is additionally driven by the initiated dis-
solution. This assumption was confirmed for other soluble 
substances—glycerol and  KMnO4.The mechanical wave 
propagates uniformly from the crystal location. Thereby, 
the wave reaching the bead position is directed toward the 
rear wall of the chamber. The bead gets displaced from the 
center of the trap and is pushed into the bright ring of optical 
vortex. Due to the high intensity of light in the ring, angu-
lar momentum transfer to the bead increases. Consequently, 
greater torque is exerted on the bead leading to the observed 
angular acceleration in the first phase. Simultaneously, there 
is another wave, the “viscosity wave” of the dissolved sugar. 
Compared to the mechanical wave, the propagation speed 
of the viscosity wave is many times lower due to the slow 
process of dissolution (usually about 2–3 min for one crys-
tal to dissolve completely). This explains the delay in bead 
reaction. The sudden drop in rotational speed indicates the 
arrival of the high solute concentration at the bead location. 
In the third phase, a continuous increase in angular veloc-
ity is observed. Due to the ongoing diffusion, the sucrose 
extends to the entire volume of the chamber. At the bead 
position, local sucrose concentration decreases until the 
solution becomes homogeneous and angular velocity sta-
bilizes. In Fig. 5a, the stabilization point was not reached 
because of the insufficient time intervals between subsequent 
crystal additions.

Changes in angular velocity of the bead can be recal-
culated into changes in viscosity of the medium. Viscous 

Fig. 4  The bead trapped in optical vortex of charge m. Vortex ring 
diameter, rotational speed of the trapped bead and the bead height 
inside the vortex depend on the vortex charge. For a given bead size, 
there is an optimal charge moptimal; a m < moptimal, narrow vortex ring, 

rapid bead rotations (thick arrow) and strong lifting; b m = moptimal, 
proper vortex width, fast yet well-balanced rotations, bead lifted to 
height not bigger than its diameter; c m > moptimal, wide vortex ring, 
very slow and irregular rotations (thin arrow), no lifting
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torque (drag torque) acting upon a rotating bead equals (Lan-
dau 1987)

where µ—viscosity of a medium, r–bead radius, Ω–angular 
velocity of a bead. In the described experiment (Fig. 5a), 
velocity changes were slow (maximal angular deceleration 
of about 0.004 rad/s2) and nearly linear in all three phases 
of bead motion. Thus, the entire process is quasi-static and 
the drag force remains constant. According to Eq. (1), for 
constant drag torque viscosity is inversely proportional to 
angular velocity—an increase in viscosity causes a propor-
tional decrease in velocity. Relative viscosity of the medium 
(Fig. 5b) can be obtained from the measured angular veloc-
ity Ω(t) (Fig. 5a) in the following way:

where µ0 and Ω0 are respectively viscosity and angular 
velocity at the reference point. The reference point was the 
moment just before the first sucrose crystal addition (188. 
second of the experiment). Earlier fluctuations of the veloc-
ity and thus the calculated viscosity are the artifacts and 
should be neglected. As mentioned before, time intervals 
(about 5 min) between each addition were too short for 

(1)�drag = −8��r3Ω

(2)
�(t)

�0

=
Ω0

Ω(t)

velocity to reach a stabilization point. However, relative 
viscosity just before the next addition should be close to the 
target values. As shown in Fig. 5b, relative viscosity just 
before second, third and fourth blue dot lied within or close 
to the expected values range (blue strips). On the other hand, 
evaporation of water occurred during the measurement. 
Water evaporated from the gap region of the chamber until 
the substrate in the open area got dry. Due to the capillary 
forces, the fluid between two coverslips did not flood the dry 
substrate. As the evaporation continued, concave meniscus 
appeared and then penetrated the fluid layer. It was estimated 
that the meniscus started to form after about 20 min of the 
experiment. Knowing the evaporation time of the water vol-
ume in the open area (about 7.3 µl), one can calculate the 
modified expected viscosity values of the 1-, 2- and 3-crystal 
solution (red dashed line). For details, see Supplementary 
Information. The experiment was rerun seven times and all 
the observations proved repeatable, including the behavior 
of the mechanical wave and the viscosity wave.

The major technical difficulty connected with the circular 
chamber is the strong mechanical disturbance after the addi-
tion of sucrose crystal. If the bead gets pushed out of the vor-
tex trap (outside the bright ring), the experiment is disrupted 
and needs to be repeated. This problem can be resolved with 
the use of the bicircular chamber, for which the mechanical 
wave generated in cavity A is separated from the cavity B 

Fig. 5  a Rotational speed of one bead located in the center of the cir-
cular chamber. The approximate position of the bead (not to scale) is 
shown in the graphical legend. The moments of one sucrose crystal 
additions are marked with blue dots and the moments of bead reac-
tion to the viscosity wave (the beginning of each major drop in veloc-
ity) are marked with arrows; b angular velocity from a recalculated 
into relative viscosity change due to the change in concentration. 
The reference point (for which relative viscosity equals 1) was the 
moment just before the first sucrose crystal addition (blue dot at 188. 
second). Earlier fluctuations of the velocity and thus the calculated 

viscosity (gray line) are the artifacts and should be neglected. Three 
blue strips represent the expected viscosity values after addition 
of subsequent sucrose crystals. Mass of each crystal was estimated 
at (1.0 ± 0.1) mg. The lower edge of each strip corresponds to light 
crystals (0.9 mg each) and the upper edge to heavy crystals (1.1 mg 
each). Blue strips were calculated with neglected evaporation. With 
evaporation included, the expected viscosities grow and the strips are 
displaced (edges marked with dashed red line). Details of the calcula-
tions can be found in the Supplementary Information
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with the relatively narrow channel. This way the stability of 
the bead is improved and allows for two-bead experiments.

5.2  Bicircular chamber

Initially, the aim of the two-bead experiments in the bicir-
cular chamber was to estimate the propagation speed of the 
viscosity wave observed in the circular chamber. Meanwhile, 
the observed effect of distinctive solute flow provoked an 
experimental investigation on its origin.

In the first experiment, the beads were located in the 
center of cavity B and arranged along the chamber axis 
(Fig. 6a, inset). Therefore, one bead (black) was closer 
to the exit of the channel while the other (red) was closer 
to the rear wall of the cavity. One crystal of sugar was 
added to the cavity A. The first reaction to the viscosity 
wave visible as a significant drop in angular velocity was 
noted after about 40 s (Fig. 6a). Surprisingly, the earlier 
reaction came from red bead. In other words, the bead 
situated further away from the exit of the channel reacted 
first. According to the dynamics of standard, uniform dif-
fusion, the sugar should spread in the cavity A, go through 
the channel and then fill the cavity B starting from the exit 
of the channel. The experiment was repeated several times 
and the equivalent, nonintuitive observations were made. 
The relative size of two beads (one slightly bigger than the 
other or equally sized) had no influence on the results. In 
order to exclude the occurrence of any direction-related 
rotational effect, the experiment was repeated for the 
two beads rotating in opposite directions. Reversing the 
handedness of the optical vortex is done by changing its 

topological charge to the opposite value, e.g., from + 30 
to − 30. However, the results (Fig. 6b) confirmed previous 
observations—again, the red bead reacted earlier.

In the second experiment, the beads were located 
inside the channel and arranged in line perpendicular to 
the chamber axis (Fig. 7a, inset). This way one bead was 
closer to the center of the channel, while the other was 
closer to the side wall of the channel. As shown in Fig. 7a, 
first reaction to the viscosity wave came from the bead 
situated at the center of the channel (black bead). This 
observation corresponds to the expected pattern of the 
laminar flow through the channel.

In the third experiment, the beads were located near the 
side wall of cavity B and arranged in line perpendicular to 
the chamber axis (Fig. 7b, inset). It means that one bead was 
closer to the center of the cavity while the other was closer 
to its side wall. The outcome of the experiment is presented 
in Fig. 7b. Soon after the addition of sucrose, there is a clear 
increase in angular velocity due to the mechanical wave fol-
lowed by the velocity drop at the arrival of the viscosity 
wave. The earlier reaction was noted for the red, near-the-
wall bead, which is again a peculiar observation likewise in 
the experiment in Fig. 6.

All the bicircular chamber measurements described in the 
manuscript were rerun 15 times. The reported observations 
were confirmed in 11 trials. The remaining attempts were 
inconclusive as low angular velocity of one or both beads 
made it impossible to judge which bead reacted first. In fact, 
angular velocity can be regarded as sampling frequency and 
thus the higher the velocity, the better the time resolution in 
the measurement.

Fig. 6  Rotational speed of two beads located in the center of cavity B 
of bicircular chamber. The approximate positions of the beads (not to 
scale) are shown in the graphical legend. The moment of one sucrose 
crystal addition is marked with a blue line, and the moments of beads 
reactions to the viscosity wave were marked with arrows. In both 
attempts a and b, the drop in rotational speed due to local viscosity 

increase occurs first for the red bead and then after about 10 s for the 
black bead. Thus, the red bead (closer to the cavity rear wall) reacted 
first. The beads rotated in the same direction in experiment a and in 
opposite directions in b). The increase in velocity at time t = 30 s for 
black bead in b is an artifact—an unwanted shift in depth
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6  Discussion

It has been speculated that the surprising diffusion dynamics 
in the bicircular chamber is a heat-related effect stemming 
from the halogen lamp used as an external white light illu-
mination (see Fig. 2). Even though the measurements were 
performed in very low illumination intensity, halogen lamp 
could locally heat up the sample thus inducing convection 
currents. In order to verify this possibility, halogen lamp was 
replaced with a cold light source (LED illumination) and 
the bicircular chamber experiment with both beads in the 
center of cavity B was repeated (Fig. 8). The arrangement of 
beads was equivalent to the one in Fig. 6, and the only dif-
ference lied in the illumination source. The results remained 
unchanged—the red bead was first to react to the viscosity 
wave. Therefore, the thermal origin of the phenomenon was 
disqualified. Interestingly, the lack of heating visibly slowed 
down the dissolution process. The beads reacted to sucrose 
after about 60 s, while for halogen illumination, the reaction 
time ranged from 30 to 40 s.

It should be noted that the observed effect of nonintuitive 
diffusion is not limited to sucrose. Analogous experiments 
were conducted for glycerol—instead of adding one crys-
tal of sucrose, 0.2 µl of 50% aqueous glycerol solution was 
injected into the cavity A of the bicircular chamber (Fig. 9). 
The two rotating beads were located at the center of the cav-
ity B and their reactions to were compatible with the ones 
obtained for sucrose.

The attempt was made to observe the trajectory of the 
diffusion directly using two imaging techniques. The first 
one was phase contrast microscopy (Burch 1942, Pluta 

1988) suitable for specimens which modulate phase of 
light instead of its intensity. In principle, the higher sucrose 
concentration, the higher the refractive index and therefore 
the stronger phase modulation. Thus, the regions of high 
and low sucrose concentration should appear differently 

Fig. 7  Rotational speed of two beads located a in the channel and b 
at the side of cavity B of bicircular chamber. The approximate posi-
tions of the beads (not to scale) are shown in the graphical legends. 
The moment of one sucrose crystal addition is marked with a blue 
line, and the moments of beads reactions to the viscosity wave were 
marked with arrows. In a, the drop in rotational speed due to local 

viscosity increase occurred in t = 110  s for black bead and then in 
t = 120 s for red bead. Thus, the black bead (farther from the channel 
wall) reacted first. In b, drop occurred first for the red bead and then 
after about 30 s for the black bead. Thus, the red bead (closer to the 
cavity side wall) reacted first

Fig. 8  Rotational speed of two beads located in the center of cavity B 
of bicircular chamber. The approximate positions of the beads (not to 
scale) are shown in the graphical legend. The moment of one sucrose 
crystal addition is marked with a blue line, and the moments of beads 
reactions to the viscosity wave were marked with arrows. The experi-
mental configuration differs from the one in Fig. 6 only with the type 
of illumination. Here, cold light  source was used to illuminate the 
sample. Due to elimination of the heating effect, the dissolution of 
sucrose is slowed down which manifests itself in late response of both 
beads—first response to sucrose was noted after about 60 s compared 
to 30–40 s for “hot” halogen illumination (Fig. 6)
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(in different colors) under the phase contrast microscope. 
The observations were made at 10 × and 20 × magnifica-
tion. Unfortunately, the resolution of the detectable phase 
change was too low and the diffusion flow pattern could 
not be determined. Another tested imaging technique was 
polarized light microscopy (Pluta 1988) dedicated for opti-
cally active materials, i.e., materials which rotate the plane 
of polarization of transmitted light. Optical activity results 
from asymmetry in material structure (in sucrose molecule 
due to asymmetric carbon atoms). The angle of the polari-
zation rotation is proportional to sugar concentration and 
chamber depth. Since the bicircular chamber was only 1 mm 
deep and one sucrose crystal raised the total concentration 
by about 2%, the resolution of polarized light microscope 
was insufficient to observe the ongoing diffusion process.

Although the direct imaging of phase change failed, 
an alternative approach gave important insight into the 

diffusion dynamics. During dissolution of sucrose, small 
particles of contaminants, most likely dust from the crystal 
surface, were noticed under the microscope in the opti-
cal tweezers setup. These particles were barely visible at 
the bottom of the chamber where the metallic beads were 
located. However, they came into focus when the obser-
vation plane lied slightly below the middle depth of the 
chamber. Refocusing from the bottom to middle surface 
could not be made with 100 × objective used for opti-
cal trapping due to its short working distance. Applying 
20 × objective revealed the stream of particles spreading 
well above the beads level. Based on this finding, a plau-
sible explanation of the peculiar impression of the reverse 
solute flow was concluded and sketched in Fig. 10. The 
stream of dissolved sucrose propagates about 250–300 µm 
above the bottom glass along the entire length of the 
chamber. During its way from cavity A to B, it causes 
the forward movement of the nearby layers of water and 
therefore creates the mechanical wave. This is consistent 
with the finding that the mechanical wave is driven by 
the diffusion (see Sect. 5.1). Free beads are carried by 
the mechanical wave, which is directly observed in the 
experiment (Online Resource 1), while trapped beads are 
displaced from the trap centers into the bright ring, hence 
their slight angular acceleration. At the same time, the 
mid-depth solute stream reaches cavity B, gets reflected 
from the rear chamber wall and splits into upper and lower 
streams. The lower stream is the above-mentioned viscos-
ity wave which causes sudden drop in beads rotational 
speed. For beads located in the center of cavity B, the 
lower stream arrives at their position “from behind,” i.e., 
in the opposite direction to the mid-depth flow, hence the 
misleading observation of the reverse solute flow. The 
similar happens for the beads located at the side wall of 
cavity B. In the case of beads placed in the channel, the 
trend is reversed—the bead further away from the channel 
wall reacts earlier—due to the slower stream flow near the 
channel wall (according to the laminar flow).

Fig. 9  Rotational speed of two beads located in the center of cavity 
B of bicircular chamber. The approximate positions of the beads (not 
to scale) are shown in the graphical legend. The moment of injecting 
0.2 µl of 50% glycerol solution to the cavity A is marked with a blue 
line and the moments of beads reactions to the viscosity wave were 
marked with arrows

Fig. 10  Reproduced diffusion flow in bicircular chamber (not to 
scale). First, dissolved sucrose spreads at the mid-depth of the cham-
ber from cavity A to cavity B and sets into motion the nearby layers 
of water (blue arrows), inducing the mechanical wave. The mechani-
cal wave hits the trapped beads “from the front” and speeds up their 

rotations. Simultaneously, the main solute stream gets reflected from 
the wall of cavity B and splits into lower and upper streams. The 
lower stream represents the viscosity wave and it reaches centrally 
located the beads “from behind,” which gives the impression of the 
reverse solute flow. Units: millimeters
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The temporal resolution of our measurements is some-
how dictated by angular velocity of the bead. While meas-
uring the period of each subsequent rotation, the “sampling 
frequency” and thus the temporal resolution equals the 
period (in our setup it is about 0.5–1 s). This approach is 
particularly useful while processing the recording by hand. 
On the other hand, reading the angular bead position more 
frequently, e.g., every quarter turn or even at each frame, 
leads to the increase in temporal resolution, but requires the 
automation of data processing. Another idea to improve the 
temporal resolution is to induce faster bead rotations, either 
by increasing the laser power or by using smaller beads 
(smaller drag force, see Eq. 1). The better the resolution, 
the more rapid viscosity changes can be detected.

The spatial resolution of our method is limited by the 
interaction between two beads located close to each other. It 
has been estimated that the separation of two-bead diameters 
between bead centers is enough to neglect their mutual influ-
ence. A similar observation was reported by Curran et al. 
(2012) for beads oscillating along a line (instead of rotating). 
However, in order to guarantee no interaction, the “safe” 
distance was assessed at three times the diameter, i.e., about 
24–30 µm for 8–10 µm beads. The spatial resolution could 
be improved by using smaller beads.

In order to support the results with numerical or theoreti-
cal analysis, one would need a relevant model of the experi-
mental setup. However, neither Monte Carlo modeling nor 
numerical solution of the differential equations (via finite 
element method) reconstructed the experimental observa-
tions. One of the problems here is the boundary effects due 
to capillary forces. Another complex issue is the mechanical 
wave and its strict relation to sucrose dissolution (as men-
tioned in Sect. 5.1 the effect diminished for insoluble sub-
stances). Thus, theoretical modeling of our system seems 
to be a rather nontrivial task. Experiments described in this 
paper are a starting point for the development of more rigor-
ous yet much more demanding approach, which is a main 
goal for our future research.

7  Conclusions

In this paper, two-laser optical tweezers were used for 
trapping metallic microbeads in optical vortex traps. The 
trapped beads underwent regular rotations. Their angular 
velocity (either absolute or relative between two simulta-
neously rotating beads) became the source of information 
about the medium surrounding the beads. The method of 
tracing the direction and speed of solute diffusion process 
was proposed. The experimental verification of the method 
concerned the dynamics of sucrose crystal dissolution in 
two types of measurement chambers. The circular chamber 

experiments showed the presence of mechanical wave due 
to the first phase of dissolution process. This wave is fol-
lowed by the stream of higher sugar concentration, which 
results in a rapid drop in MB rotational speed. The results 
obtained for bicircular chamber were surprising and non-
intuitive as they indicated the effect of sucrose diffusion 
in the form of directional stream in the middle depth of 
the measurement chamber rather than the uniform solute 
dispersion. The observed effect was related neither to heat 
transfer nor to the interaction between two MBs. It also 
applied to glycerol. Unfortunately, the experiment could 
not be rerun for salts (attempts were made for NaCl and 
KI) since the chemical interaction between the salt and 
thin metal coating on the bead leads to the fast degradation 
of the layer and precludes the measurements.

The provided explanation of the observed effect cannot 
be considered definitive. Nevertheless, all the repetitive 
experiments with trapped MBs as well as the movement 
of free MBs and contaminant particles observed directly 
under the microscope led us to these conclusions as the 
most relevant so far.

The bottom line is that the two trapped MBs separated 
by tens of micrometers can be used to detect minor viscos-
ity changes occurring dynamically in a very small volume 
of liquid. It may lead to the discovery of some counterin-
tuitive effects as the one reported in this paper.
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