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With the assistance of a particle-decorated fiber probe, optically controlled circling of particles was 

demonstrated using 3.14 m diameter silica particles. The method is based on temperature gradient and 

thermal convection when a laser beam of 980nm (Power: 108mW) is injected into the fibre. Specific 

currents were created by decorating the tip of the drawn fibre probe with specific geometries of silica 

particles (Diameter: 3.14m). Thus, the water was being circulated (convective flow driven by heating), 10 

and the particles were drowned into the flow. They were circled anticlockwise along a relatively steady 

trajectory with a period varying from 3 to 7 s. Once the laser switched off, the particles were immediately 

stopped. Further experiments show that the circular trajectory can be shifted by moving the fiber probe. 

Introduction 

The ability to circle particles offers a new degree of control for 15 

microobjects which enables many innovative studies in the fields 

of rotating motor1-3 and microfludic pump.4-7 Various schemes 

have, therefore, been investigated recently to induce circulation 

of trapped particles. Proposed techniques were based on magnetic 

field,8,9 electric field,10 optical forces11,12 and the transfer of 20 

orbital angular momentum.13-16 However, these schemes usually 

employed elaborate magnetrons/electrodes, complex holographic 

systems, planar waveguide structures or diffraction grating 

components. Moreover, these methods have requirements for the 

particles in terms of magnetic susceptibility, electrical 25 

conductivity, optical transparency and refractive index, which 

limit the circling operation to specific particles. As a candidate 

for manipulating particles, fiber probes have advantages of very 

small size and ease in fabrication. Therefore, it is expected that 

particle circling can be realized by using a fiber probe. In this 30 

work, we demonstrate an optically controlled particle circling 

using a particle-decorated fiber probe. The technique is based on 

temperature gradient and thermal convection induced by the laser 

beam outputted from the fiber probe, so that it reduces the 

dependence on the particle physical properties. The organization 35 

of the paper is as follows: First, a theoretical analysis is 

performed to show the influence of decorating particles on the 

circular motion. Second, experiments were carried out with silica 

particles (3.14 µm in diameter) by injecting a 980 nm laser into 

the particle-decorated fiber probe. Finally, the circling stiffness 40 

and circling of multiple particles were investigated. 

Theoretical analysis 

To analyze the mechanism of circling particles using a fiber 

probe, the power flow distribution of outputted laser from the 

fiber probe was obtained by a two-dimensional finite element 45 

simulation (COMSOL Multiphysics 4.3), as shown in Fig. 1a. 

The diameter of fiber probe is set to be 6 m with a parabolic 

profile. To generate an adequate temperature gradient in water 

and to avoid thermal damage to biomedical environment, the 980 

nm wavelength was used and the laser power should be ranging 50 

from 90 to 120 mW. In the simulations, the power of the 980 nm 

laser was set to be 108 mW which is consistent with the power 

applied in later experiments. The refractive indices of the silica 

fiber and water were set to be 1.44 and 1.33, respectively. From 

Fig. 1a, it can be seen that the laser beam was focused at the end 55 

of the bare probe. The upper right inset of Fig. 1a shows the 

power flow distribution along x direction at y  0 m. The focal 

plane (with the highest light intensity) is at x  21.5 m (i.e. 6 m 

to the probe end). The right panel shows the power flow at the 

focal plane (at x  21.5 m) in y direction. It can be seen that over 60 

 power flow distributes within the region from y  1 to 1 

m. Temperature gradient generated by the light absorption of 

water can be approximated to be:17 

Τ  S cd                                (1) 

where Τ is the temperature increment in water, d  0.4 mm is 65 

the effective thickness of water, η  1 ed  0.18 is the light 

absorption ratio of water (α  5.02 cm1 is the water absorption 

coefficient of 980 nm laser18), S is the power flow, τ is the 

thermal relaxation time of water which is approximated to be   

d2  1.14 s (  1.4×103 cm2/s is the thermal diffusivity of 70 

water19), c  4.2×103 J(kg·) is the heat capacity of water,   

1×103 kg/m3 is the density of water at room temperature. Since 

the temperature gradient is along the same direction with power 

flow, the water will flow along x direction due to the temperature 

gradient force (indicated by dashed white arrows 1) and thermal  75 

convection (indicated by dashed yellow arrows 2). Therefore, the 

particles will be pushed away along x direction (as schematically 
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Fig. 1 (a) Two-dimensional simulation result of power flow distribution for a bare fiber probe. The upper right inset is the power flow along x 

direction at y  0 m. The right panel is the power flow distribution along y direction at x  21.5 m. (b) Schematic of particles being pushed away 5 

by a bare fiber probe. 

Fig. 2 Power flow distribution in water with the different decorated particles numbers. (a) Two particles decorated. (b) Four particles decorated. (c) Six 
particles decorated. (d) Schematic of particles circling with a six-particle-decorated fiber probe. (e) Eight particles decorated. 
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described in Fig. 1b) and cannot be circled around the fiber probe. 
It should be noticed that the optical force was neglected in the 

circling mechanism. As we know, the optical force acted on the 

particle can be calculated by using the following formula:20 5 

F  nc  SdA                                   (2) 

where F is the optical force, n  1.33 is the refractive indices of 

water, c  3  108 m/s is the light velocity in vacuum, S is the 

difference between the energy density flux through the unit area 

travelling into and coming out of the silica particle which can be 10 

calculated by the FDTD solutions, dA is the unit area. Since the 

particle was circling away from the fiber tip (the nearest distance 

was about 50 m), the obtained S is very small though the 

power flow is 108 mW. After calculating, the optical force 

impacted on the particle was only with the order of 1014 newtons. 15 

However, the temperature gradient force acted on the particle was 

about the order of 1012 newtons. Thus, in the theoretical analysis, 

we can ignore the optical force. 

 Since the particle motion depends on the temperature gradient 

and thermal convection, particle circling can be realized by 20 

changing the power flow distribution in water. The most effective 

and convenient method is to decorate some particles on the probe 

to change the optical filed distribution at the probe end. By doing 

so, the temperature gradient in water will be changed and a 

convection flow will be caused, which drives the other suspended 25 

particles near the probe to move along the trajectory of flow. We 

chose silica particles to decorate the probe because they have 

same refractive index with the fiber probe so that the reflection 

loss between the probe and the particles can be weakened. As 

shown in Fig. 2, the white and yellow dashed arrows indicate the 30 

water flow induced by temperature gradient and thermal 

convection, respectively. The right panel of each graph shows the 

power flow distribution along y direction at x  21.5 m. It 

should be noted that to provide a stable motion for particles, the 

optical power flow distribution in water should be symmetric to 35 

avoid extra water flow caused by the asymmetric temperature 

distributions around the probe. Since the fiber probe and the 

injected laser beam are all axially symmetric, the optical power 

flow distribution symmetry can be realized by decorating the 

particles in the same amount on each side of the probe. Therefore, 40 

the number of silica particles decorated on the probe should be 

even. If two particles are decorated at the probe end (Fig. 2a), the 

power flow is mainly along x direction. The water will flow along 

the same direction because of the very slight change of the 

temperature gradient. When four particles are decorated (Fig. 2b), 45 

the power flow begin to spread but the change of the temperature 

gradient is still not enough to cause a circular flow. Thus, when 

only two or four particles decorated to the fiber probe, the power 

flow distribution do not change efficiently and the particle will be 

pushed away along the fiber probe. While if eight particles 50 

attached (Fig. 2e), the power flow would be further diverged. 

Then the flow trajectory will become more complex and 

uncontrollable, which was consistent with the experiment result. 

Moreover, the increasing particles will absorbing the outputted 

laser and weaken the optical field distribution in water, which 55 

prevented the generation of convection flow. When six particles 

are decorated as shown in the right panel of Fig. 2c, three peaks 

appear near the probe end and over  power flow is focused 

within the region from y  6 to 6 m. According to the Eq. (1), 

the temperature gradient is along the direction of power flow with 60 

a maximum value of  m. The water will flow along the 

changed direction (as shown by the white dashed arrow 1 in Fig. 

2c). Meanwhile, due to the liquid continuity, the water will flow 

toward the heated location (as shown by the yellow dashed 

arrows 2 and 3 in Fig. 2c). As a result, the particles will be moved 65 

along the flow direction and be circled above the fiber probe as 

schematically described in the Fig. 2d.  

Experiment  

To verify above theoretical analysis, experiments were carried out 

using the 980 nm laser with a power of 108 mW. Fig. 3a depicts 70 

the experimental setup built around an optical microscope with a 

charged coupled device (CCD) camera for real-time monitoring. 

To achieve fine positioning and mechanical stability, a glass slide 

was mounted on a manual translation stage. A fiber probe with a 

parabolic profile was drawn from a commercial single-mode fiber 75 

by the flame-heating technique. The probe diameter is 6 m and 

the length of tapered region is 9.6 m (Fig. 3b). The radius of 

curvature of the probe is 0.8 m. After sheathed with a glass 

capillary and fixed on a microstage, the probe was immersed in a 

droplet of silica particle solution on the glass slide. The solution 80 

was prepared by diluting 3.14 m silica particles into deionized 

water with an ultrasonic treatment for 8 minutes. 

 As mentioned with the theoretical analysis, the decorated 

particle affected the light field distribution and hence the location 

of circling. Thus, it was very important to realize the particles 85 

being decorated correctly. However, it was indeed a big challenge 

to efficiently control the number and location of decorated 

particles. After analyzing and trying some methods, we realized it 

with the following process: Firstly the particle density in solution 

needs to be controlled accurately. The fiber probe was decorated 90 

by attaching the particle one by one. So if the particle density is 

too high, it will be hard to realize single particle decorated. Then 

we tried different kinds of particle density and chose the 5  107 

mL as the optimal choice. After the particle solution was 

prepared, the fiber probe was positioned on the six-axis 95 

 

 
Fig. 3 (a) Schematic of the experiment setup. (b) Schematic of the bare 
fiber probe. The inset is the optical microscopic image. (c) Schematic of 
the particle-decorated fiber probe. The inset is the optical microscopic 100 

image. Scale bar: 10 m. 
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Fig. 4 Optical microscopic images for the particle circling at different 
moments in a circling period of 7 s. 

 
Fig. 5 Velocity of particle with the solution effective thickness (d) of 0.4, 5 

0.35 and 0.3 mm. The circling periods were 7, 6 and 5 s, respectively. 

microstage (resolution: 50 nm) and being adjusted to approach 

one particle. Then the laser was turned on (power: 70 mW), and 

the particle was moving toward the fiber probe because of the 

optical force.21 When the particle touched the fiber probe, the 10 

laser was turned off and the particle was attached to the fiber 

probe under the action of Van der Waals force. Thus, the first 

particle was decorated to the fiber probe successfully. Then the 

fiber probe was adjusted by the microstage to approach the other 

particle. The decorated location can be changed by adjusting the 15 

fiber probe with the microstage. Similarly, the other five particles 

were successfully decorated to the fiber probe as schematically 

shown in Fig. 3c. 

After decorating particles to the fiber probe, particle circling 

was performed by tuning the 980 nm laser power to 108 mW. Fig. 20 

4 shows the circling of a particle above the six-particle-decorated 

fiber probe with a circling period of 7 s. The yellow arrows show 

the moving direction. The white and black dashed curves indicate 

the circular motion induced by temperature gradient and thermal 

convection, respectively. It can be seen that the particle was 25 

circled above the probe anticlockwise. Detailed process is shown 

in Movie S1 of the ESI†. Fig. 5 shows the velocity of circling 

particle. It can be seen that the velocity increases firstly and then 

decreases. According to the analysis presented in the previous 

section, the particle circling is mainly driven by the temperature 30 

gradient force. Thus, the velocity increases rapidly at the nearest 

location of circling trajectory to the probe because of the largest 

temperature gradient. When the particle moves away from the 

probe, the velocity decreases gradually due to the liquid 

resistance as well as the decrease of temperature gradient. It 35 

should be clarified that the particle circling period varies from 3 

to 7 s, which is due to the change of circling trajectory and 

temperature gradient in water. During the experiment, the water 

evaporation decreased the effective thickness of solution (d). 

With the experiment time of 0, 20 and 40 minutes, the values of d 40 

are 0.4, 0.35 and 0.3 mm, respectively. According to the Eq. (1), 

the temperature gradient in water became larger so that the 

particle circling velocity also increased with maximum values of 

171, 213 and 239 ms (the black, red and blue curves in Fig. 5). 

As a result, the circling periods also changed to 7, 6 and 5 s, 45 

respectively. 

 To verify that the circling is induced by the outputted beam 

from the fiber probe, the laser was switched off for 5 s and then 

turned on again. The particle trajectory and velocity of this 

process are shown in Figs. 6 and 7, respectively. Firstly, the 50 

particle was circled anticlockwise above the fiber probe with a 

period of 5 s (Fig. 6a-c). At t  5 s, the laser was switched off. 

The particle stopped circling immediately and oscillated slightly 

around the stopped location (Figs. 6d and e) due to the 

surrounding fluctuations. Turning on the laser at t  10 s, the 55 

particle began to circle again (Fig. 6f-h). Detailed process is 

shown in Movie S2 of the ESI†. This result indicates that the 

particle can be positioned at different locations by turning off the 

laser. Moreover, the particle circling trajectory and velocity 

nearly keep constant before switching off the laser and after 60 

turning on the laser again (Fig. 7). 

 
Fig. 6 Optical microscopic images of particle circling with laser on and off. 
(ac) t  04 s, the particle was circled above the fiber probe. (d, e) t  5 
 9 s, the laser was cut off and the particle stopped circling and oscillated 65 

around the stopped location. (fh) t  10  13 s, the particle was circled 
again. 

 
Fig. 7 Velocity of the particle before switching off the laser (the blue 
curve) and after turning on the laser again (the red curve). 70 
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Fig. 8 Optical microscopic images for the particle circling trajectory with 
the fiber shifted. (ac) t  04 s. The particle was circling above the fiber. 
(d) t  4.5 s. The fiber probe was shifted about 14 m along the –y 
direction. (eh) t  7 10s. The particle was circled in a new trajectory. 5 

 
Fig. 9 Velocities of the particle before (the blue curve) and after fiber 
shifted (the red curve). 

 To investigate the stiffness of circling, the fiber probe was 

shifted by tuning the microstage. The particle motion trajectory 10 

and circling velocity are shown in Figs. 8 and 9, respectively. It 

can be seen from Fig. 8 that the particle was circled above the 

fiber probe anticlockwise with a period of about 4.5 s. At t  4.5 

s, the fiber probe was shifted along the y direction with a 

distance of 14 m. The particle was also moved with the shift of 15 

the fiber while keeping circling above the probe (Fig. 8d). Fig. 9 

shows the velocities of the circling particle before and after fiber 

shifted. In addition, it was also found that multiple particles can 

be circled above the fiber probe simultaneously. Fig. 10 shows 

that seven  20 

 

Fig. 10  Optical microscopic images for seven particles circling. The yellow 

circles indicate the particle location. (a) t  0 s. (b) t  1 s. (c) t  2 s. (d) t 
 3 s. (e) t  4 s. (f) t  5 s. 

   25 

Fig. 11 Maximum and minimum velocity of seven circled particles. 

particles were circled above the probe within a period of about 5 

s. The maximum and minimum velocities of the seven particles 

are measured and shown in Fig. 11. Detailed process is shown in 

Movie S3 of the ESI†. It can be seen that although the trajectories 30 

of seven particles are slightly different from each other, the 

maximum and minimum velocities exhibit a uniformity.  

Conclusion 

An optical method was demonstrated for realizing particle 

circling in water with a particle-decorated fiber probe. By 35 

launching a 980 nm laser of 108 mW into the fiber probe, 

temperature gradient and thermal convection were generated to 

drive the particle circling above the fiber probe. Once the laser 

was switched, the circling particle will be stopped immediately. 

With the shift of fiber probe, the particle kept circling above the 40 

fiber probe while the circling trajectory was also shifted along the 

same direction. Moreover, multiple particles can be circled 

around the fiber probe simultaneously. Since the circling is due to 

the temperatue gradient and thermal convection, then this 

technique can be used in the micro-rotors or micro-pumps to 45 

realize the actuation of the micro flow and the circulation of the 

micro-objects.  
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