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We investigate a fiber diameter influence on optical transport of dielectric particles along
subwavelength optical fibers using a near infrared laser of 1.55 μm wavelength. Theoretical
analysis indicates that at 1.55 μm, the evanescent field at the fiber surface increases at first and
then decreases with an increase of the fiber diameter from 600 nm to 1.6 μm, exhibiting a maximum
at the fiber diameter of 950 nm. Based on three-dimensional finite-difference time-domain
simulations, optical scattering forces acted on the dielectric particles and transport velocities of
the particles were calculated for two fibers in the diameters of 930 nm and 1.5 μm. To support
the theoretical analysis, experiments were performed using the two fibers to transport SiO2 particles
(sizes of 530 nm and 1.5 μm) and TiO2 particles (size of 1.5 μm). The results show that with
the same laser power launched into the two fibers, larger transport velocities can be obtained along
the 930 nm diameter fiber.

Keywords: optical transport, optical scattering force, optical gradient force, subwavelength optical fiber,
evanescent field.

1. Introduction
With a rapid progress in precise, contactless and non-destructive manipulation [1],
optical force has become an extremely powerful tool for manipulating small particles
or biological materials, especially in microfluidic platforms [2]. Among the manipu-
lations of small objects in microfluidic platforms, transport along a predetermined
direction is one of the key issues encountered in many research areas [3–6]. Particles
suspended in liquids can be directly transported along the propagation direction of
a single Gaussian or Bessel beam in free space systems [7–9]. Due to the considerable
architecture volumes and the inconvenience in sample access, the free space system-
-based methods may face challenges in integration into opto-microfluidic platforms.
To be easily incorporated into microfluidic systems, planar waveguides and optical
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fibers have been employed to transport particles or cells through the evanescent field
at the waveguide/fiber surfaces [10–21]. Compared with planar waveguides, optical
fibers have a very low coupling loss and require no substrates, exhibiting flexibility
in three-dimensional (3D) geometry. Therefore, optical fibers have become a prefera-
ble tool for particle transport in microfluidic platforms. Transport of polystyrene (PS)
particles in water has been achieved by launching a 1.047 μm wavelength laser into
a subwavelength optical fiber (950 nm diameter) [15], or by launching a 980 nm wave-
length laser into a slightly tapered fiber (50 μm core diameter) [17]. The results show
that the optical transport by using optical fibers is valid for a large range of fiber
diameters. However, the transport performance is strongly related to the fiber diameter
because the evanescent field at the fiber surface is mainly determined by the diame-
ter [20, 21]. For a fixed laser wavelength, a proper fiber diameter can provide a stronger
optical force and a faster transport for a particle. Therefore, in this work, an inves-
tigation of the fiber diameter influence on optical transport of dielectric particles is
presented. Based on 3D finite-difference time-domain (FDTD) simulations, optical
scattering forces acted on dielectric particles and the transport velocities of the particles
were analyzed for fibers of different diameters at 1.55 μm wavelength. The theoretical
results indicate that with the same optical power launched into the fibers, a larger
transport velocity for the particle can be obtained along the fiber with the diameter of
around 950 nm. By launching a 1.55- μm-wavelength laser into fibers in the diameters
of 930 nm and 1.5 μm, optical transport was performed for SiO2 particles (sizes of
530 nm and 1.5 μm) and TiO2 particles (size of 1.5 μm). With the same laser power
launched into the two fibers, the transport velocities of the particles along the 930 nm
diameter fiber are larger than those along the 1.5 μm diameter fiber, which is consistent
with the theoretical results.

2. Theoretical analysis

Figure 1 schematically shows the mechanism of optical transport of a particle along
an optical fiber in water. As light propagates in the fiber, a portion of the light
penetrates into water and forms evanescent field at the fiber surface. The evanescent
field generates an optical gradient force Fg to trap the particle and an optical scat-
tering force Fs to propel the particle along the propagation direction of the light.
The magnitude of Fg and Fs is determined by the amplitude of the evanescent field
which is strongly related to the fiber diameter. For relatively large diameters,
the evanescent field at the fiber surface is small because most of light is confined within
the fiber. With a decrease of the fiber diameter, the light gradually spreads into water
and the evanescent field reaches a maximum. With a further decrease of the fiber
diameter, a decay of the evanescent field occurs because most of light leaks out of
the fiber. To numerically investigate the evanescent field at the surfaces of fibers
with different diameters, 3D FDTD simulations were performed. In the simulations,
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the refractive indices of the fiber and the surrounding were set to be 1.45 and 1.33 for
silica and water, respectively. The light wavelength launched into the fiber was set to
be 1.55 μm. To cover the subwavelength range, the simulations were performed for
the fibers with the diameters from 600 nm to 1.6 μm. In all simulations, the optical
power launched into the fibers is set to be 1 W. Figure 2 shows the normalized electric-
-field (E-field) at the fiber surfaces as a function of the fiber diameter. The E-field at
the surface was normalized to the maximum amplitude of the E-field inside the fibers
obtained from the simulations. From Fig. 2, it can be seen that the normalized E-field
reaches the maximum of 0.81 at the surface of a fiber with the diameter of 950 nm.
Therefore, to obtain a strong evanescent field at the 1.55 μm wavelength, the fiber
diameter should be close to 950 nm. For further analysis, two different fibers were

Fig. 1. Schematic of the mechanism of optical transport of a particle along an optical fiber in water.
The dotted lines show the field intensity of the light inside and outside the fiber.
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Fig. 2. Normalized electric-field (E-field) at the fiber surfaces as a function of the fiber diameter.
The insets show the transversal cross-section views of the 3D FDTD simulated E-field distributions for
two fibers in the diameters of 930 nm and 1.5 μm. The inset shows the true E-field amplitudes at the fiber
surfaces (with an optical power of 1 W launched into the fibers).
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used for the following calculations. One has a diameter of 930 nm (fiber I), very close
to 950 nm, and the other has a diameter of 1.5 μm (fiber II). The two fibers were also
used for experiments, as to be presented in later sections. For 1.55 μm wavelength,
the diameters of the both fibers are within the subwavelength range. The insets of
Fig. 2 show the transversal cross-section views of the simulated E-field distributions
on the two fibers. The normalized E-field at the surface of fiber I is 0.78, which is
larger than that of fiber II (0.48). These indicate that with the same optical power,
the evanescent field at the surface of fiber I is stronger than that of fiber II.

The total optical force F acted on a particle can be determined by [22]

(1)

where n is the refractive index of the surrounding medium (water), c is the speed of
light in vacuum, ΔS is the difference between the energy density flux traveling into
and coming out of the unit area of the particle, and dA is the unit area of the particle.
The force F consists of two orthogonal components, i.e., the gradient force Fg and
the scattering force Fs. So the Fg and Fs can be expressed as

(2a)

(2b)

where ΔS⊥ is the component of ΔS perpendicular to the fiber and ΔS| | is the component
parallel to the fiber. To calculate Fg and Fs, simulations were performed for fibers I
and II with a particle trapped near the fiber surface. For each of the two fibers,
the simulations were repeated for a 530 nm diameter SiO2 particle, a 1.5 μm diameter
SiO2 particle, and a 1.5 μm diameter TiO2 particle. As the Debye length of the particle
solutions used in later experiments is close to that reported in Ref. [23] (21 ± 9 nm),
a gap of 30 nm is assumed between the particle and the fiber surface in the simulations.
Also, the optical power of the 1.55 μm light launched into the fibers was set to be 1 W
in all the simulations. Figure 3 shows the longitudinal views of the simulated energy
density distributions of the fibers and the calculated Fg and Fs acted on the particle.
For fiber I (Figs. 3a–3c), the calculated scattering forces Fs are 1.74, 8.08, and
21.02 pN acted on the 530 nm SiO2 particle (Fig. 3a), 1.5 μm SiO2 particle (Fig. 3b),
and 1.5 μm TiO2 particle (Fig. 3c). For fiber II (Figs. 3d–3f ), the calculated scattering
forces Fs are 0.67, 3.26, and 6.67 pN acted on the corresponding particles. The results
indicate that with the same optical power launched into the two fibers, the scattering
force Fs provided by fiber I is stronger than that provided by fiber II for the same
particle.

As the scattering force propels the particle along the propagation direction of
the light, the viscous drag force counteracts with the scattering force and limits
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the continuous acceleration of the particle, resulting in a terminal transport velocity.
Generally, for a system exhibiting Stokesian drag, the transport velocity of the parti-
cle vp can be determined by [14]

(3)

where C is a constant showing the relationship between the drag force and the transport
velocity of the particle. In the case of a particle very close to the fiber surface, C can
be expressed as

(4)

where r is the particle radius, μ is the dynamic viscosity of water, and h is the distance
between the particle center and the fiber surface. Note that due to the low laser power
(less than 100 mW) used in later experiments, the thermal effect is very limited [24]
so it is assumed that there is no significant temperature change during the transport.
Therefore, the room temperature dynamic viscosity of μ = 9.1×10–4 Pa·s is used in
the calculations. With Eqs. (3) and (4) and the calculated Fs , the transport velocity of
the particle vp was obtained (Table 1). All the results in Table 1 are obtained at
the optical power of 1 W launched into the two fibers. It can be seen that for the same
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Fig. 3. Longitudinal views of the 3D FDTD simulated energy density distributions and the calculated
Fg and Fs for fiber I (930 nm diameter) with (a) a 530 nm SiO2 particle, (b) a 1.5 μm SiO2 particle
and (c) a 1.5 μm TiO2 particle, and for fiber II (1.5 μm diameter) with (d) a 530 nm SiO2 particle,
(e) a 1.5 μm SiO2 particle and (f ) a 1.5 μm TiO2 particle. Optical power of the 1.55 μm light launched
into the fibers is 1 W.
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optical power, the transport velocity along fiber I is higher than that along fiber II
for the same particle. Note that since Fs is proportional to the energy flux through
a particle, the transport velocity of the particle vp at other optical powers can be directly
obtained according to the results at 1 W listed in Table 1.

3. Experiments and results
To support the theoretical analysis, the experiments were performed using the two
fibers to transport the three kinds of dielectric particles mentioned above. In the exper-
imental setup (Fig. 4), a computer interfaced microscope with a CCD camera mounted
on the top is used for real-time monitoring. To achieve fine positioning and mechanical
stability, a slide (for holding the particle solution) is mounted on a translation stage
for manipulation in y–z direction (50 nm resolution). A subwavelength optical fiber
drawn from a commercial single-mode fiber by a flame-heating technique was laid
above the slide, with its extremities held by two fiber positioners. Fibers I (930 nm di-
ameter) and II (1.5 μm diameter) were drawn and used for the transport. The lengths
of the subwavelength segments of fibers I and II are 210 μm and 190 μm, respectively.
The length of the tapers at both sides of the two fibers is ~6 mm. The particle solutions
were prepared by diluting the particles into water (volume ratio of particles to water

T a b l e 1. Calculated optical scattering forces Fs and theoretical transport velocities of the particles
along fibers I and II with optical power of 1 W launched into the two fibers.

530 nm SiO2 particle 1.5 μm SiO2 particle 1.5 μm TiO2 particle
Fs provided by fiber I 1.74 pN 8.08 pN 21.02 pN
Fs provided by fiber II 0.67 pN 3.26 pN 6.67 pN
Velocity along fiber I 165 μmm/s 231 μm/s 599 μm/s
Velocity along fiber II 64 μmm/s 93 μm/s 190 μm/s

Fig. 4. Schematic of the experimental setup.
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~1:1000) with the assistance of an ultrasonic shaker. The fiber was immersed in
the particle solution, with one end connected to the 1.55 μm laser (variable power
from 0 to 200 mW) and the other end connected to an optical power meter. The optical
power meter was used to measure the output power from the fiber and thus estimate
the optical power loss L before the launching into the subwavelength segment for each
fiber. The loss L includes the coupling loss Lc from the laser to the fiber connector
and the propagation loss Lp in the fiber taper before the subwavelength segment. To
deduce L, at first, a single-mode fiber was directly connected to the 1.55 μm laser
and the power meter for obtaining Lc. Then, the fiber after drawing was connected to
the laser and the power meter again to obtain the total loss Ltotal. The total loss Ltotal
consists of the coupling loss Lc and the propagation losses in the two fiber tapers before
and after the subwavelength segments. Since the lengths of the two tapers are nearly
the same (6 mm), the propagation loss Lp in one of the fiber tapers can be obtained by
Lp = (Ltotal – Lc )/2. Therefore, the optical power loss L before launching into the sub-
wavelength segment is L = Lc + Lp. In the experiments, the estimated values of L are
3 and 2.6 dB for fibers I and II, respectively. The output powers of the 1.55 μm laser
were tuned according to the power loss L of the two fibers so that the same laser
power launched into the two fibers was ensured. For each of the two fibers, optical
transport was performed by using the three kinds of dielectric particles, i.e., the 530 nm
SiO2 particles, 1.5 μm SiO2 particles and 1.5 μm TiO2 particles. The laser powers
launched into the fibers were from 30 to 100 mW.

At first, optical transport of the particles along fiber I was performed. The laser
power launched into fiber I was started with 30 mW. The solutions of the three kinds

Fig. 5. Consecutive images captured by the CCD camera for the transport of a 530 nm SiO2 particle along
fiber I (930 nm diameter). The 1.55 μm laser power launched into the fiber was 90 mW. The transported
particle is marked by a dashed circle. The time intervals between (a) and (b), (b) and (c), (c) and (d) are
1.5, 1, and 1 s, respectively.
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of particles were individually used for measuring the transport velocity of the particles.
For each kind of particles, measurements were taken for 10 particles to obtain the aver-
age transport velocity. The measurements were repeated for the transport at each laser
power from 30 to 100 mW launched into the fiber. For illustration, Fig. 5 shows
four consecutive images captured by the CCD camera for the transport of a 530 nm
SiO2 particle along fiber I when the 1.55 μm laser power launched into the fiber was
90 mW. The time intervals between Figs. 5a and 5b, 5b and 5c, and 5c and 5d are 1.5,
1, and 1 s, respectively. With the particle position in Fig. 5a as the reference point,
the particle was transported 39 μm along fiber I in 3.5 s. So the transport velocity of
this particle was ~11.1 μm/s. The average transport velocity for the 530 nm SiO2 par-
ticles was 12.6 μm/s which was obtained from the measurements of 10 particles.
The transport velocities for the 1.5 μm SiO2 and TiO2 particles at 90 mW and the vel-
ocities of the three kinds of particles at other laser powers (from 30 to 100 mW) were
also obtained (presented in later sections). Then, the similar experiments and mea-
surements were resumed by using fiber II. For illustration, Fig. 6 shows four
consecutive optical microscope images for the transport of two 1.5 μm TiO2 particles
along fiber II when the 1.55 μm laser with power of 90 mW was launched into
the fiber. The time interval in Fig. 6 is 1 s. With the positions of the two particles A

Fig. 6. Consecutive images captured by the CCD camera for the transport of two 1.5 μm TiO2 particles
along fiber II (1.5 μm diameter). The 1.55 μm laser power launched into the fiber was 90 mW. The two
transported particles are marked by dashed circles and denoted by A and B. The time interval is 1 s.
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and B in Fig. 6a as the respective reference points, the particles A and B were
transported 49 and 50 μm, respectively, along fiber II in 3 s. So the transport velocities
of A and B were ~16.3 and ~16.7 μm/s, respectively. Also, with the same method
mentioned above, the average transport velocities of all the three kinds of particles
along fiber II were obtained at other laser powers from 30 to 100 mW.

Figure 7 shows the measured transport velocities and the theoretically calculated
results for the three kinds of particles along fibers I and II at different laser powers
from 30 to 100 mW. Each point of the experimental data represents the average trans-
port velocity of the measured 10 particles and the error bars represent standard
deviation of velocity measurements for the given particles. Note that the experimen-
tally measured transport velocities of the particles presented in Fig. 7 are consistently
a little smaller than the theoretically calculated ones which are obtained from the
optical scattering forces acting on a single particle. This difference can be explained
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as follows: i ) since the particles are comparable in size to the fiber, the evanescent
field distribution will be perturbed when multiple particles are simultaneously
transported along the fiber. This leads to a more complicated evanescent field
distribution and a modification of the optical forces. An investigation in Ref. [21]
indicates that due to the evanescent field perturbation caused by the multiple particles,
the magnitudes of the scattering forces exhibit a fluctuation. Moreover, due to the scat-
tering and leakage effect caused by multiple particles, the scattering forces acting
on these particles become smaller than those acting on the single particle. ii) With
the increase in the laser power launched into the fiber, the optical gradient force will
be gradually enhanced, which may lead to a decrease in the distance between the par-
ticles and the fiber surface. Thus the constant C in Eq. (3) will be increased and
the velocities of the particles become smaller than the calculated ones. From Fig. 7a,
it can be seen that for the 530 nm SiO2 particles, the transport velocity increases with
the laser power. This is in accordance with the theoretical results. Both the experi-
mental and the theoretical results indicate that for the 530 nm SiO2 particles, the trans-
port velocity along fiber I is larger than that along fiber II. Similar results can also be
found in Figs. 7b and 7c for the 1.5 μm SiO2 and TiO2 particles, respectively. These
are also consistent with the theoretical results, confirming that with the same 1.55 μm
laser power launched into the fibers, a larger transport velocity can be obtained along
the fiber with the diameter closer to 950 nm. Therefore, for a given wavelength,
the optical transport performance of a fiber can be optimized by choosing a proper
fiber diameter that provides the strongest evanescent field at the fiber surface.

4. Conclusions

We theoretically and experimentally investigate the fiber diameter influence on optical
transport of dielectric particles along subwavelength optical fibers using a near infrared
laser. Based on 3D FDTD simulations, optical scattering forces and transport velocities
were calculated for fibers with the diameters of 930 nm and 1.5 μm at the wavelength
of 1.55 μm. Experiments were performed using the two fibers to transport 530 nm and
1.5 μm SiO2 particles and 1.5 μm TiO2 particles. Both the theoretical and the experi-
mental results show that with the same 1.55 μm laser power launched into the two
fibers, the transport velocities of the particles along the 930 nm diameter fiber are
larger than those along the 1.5 μm diameter fiber. These results are expected to find
applications in optimizing the optical transport performance of the optical fibers and
be used for particle manipulation in microfluidic platforms.
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