
Multifunctional single-fiber optical tweezers for particle
trapping and transport

Hao Wu (吴 昊)1, Chunlei Jiang (姜春雷)1*, Shaopeng Tian (田绍鹏)2, Shangzhao Shao (邵上钊)1, Hangyu Yue (岳航宇)1,
Xiangyu Cui (崔翔宇)1, Bingkun Gao (高丙坤)1, Xiufang Wang (王秀芳)1, and Peng Chen (陈 朋)1

1 College of Electrical and Information Engineering, Northeast Petroleum University, Daqing 163318, China
2 The Third Oil Production Plant of Daqing Oilfield Co., Daqing 163113, China

*Corresponding author: jiangchunlei_nepu@163.com
Received February 4, 2022 | Accepted June 17, 2022 | Posted Online September 22, 2022

We present and demonstrate a multifunctional single-fiber optical tweezer for particle trapping and transport. The fiber
probe of fiber optical tweezers is constructed as a planar structure. Laser sources with wavelengths of 650 nm and 980 nm
in a single-mode fiber excite the linearly polarized LP11 mode and LP01 mode beams, respectively. These two laser beams can
achieve non-contact trapping and long-distance transport of particles after passing through a flat-facet fiber probe,
respectively. This structure makes it possible to perform non-contact trapping and transport of particles by combining
multiple wavelengths and multiple modes.
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1. Introduction

The trapping and targeted transport of particles has been rapidly
developed due to its great value for applications in biomedical,
physical, and chemical fields[1–5]. Different strategies have been
proposed for particle trapping and transport, such as optical
forces, magnetic fields, dielectrophoresis, andmechanical forces.
Optofluidic devices based on planar optical waveguides
have the advantages of compact structure, easy access to exper-
imental samples, etc., and can trap and transport particles[6].
The organization and transport of particles can be performed
by embedding magnetrons[7], electrodes[8], and mechanical
components[9] into the microfluidic device. Since fiber optical
tweezers can trap particles in a very narrow space, they also have
a great advantage for particle trapping and transport. Many
types of fiber optical tweezers have been developed, such as
multi-fiber optical tweezers[10], single-fiber optical tweez-
ers[11–13], and near-field optical tweezers[14–16].
In recent years, some fiber optical tweezers obtained by com-

bining other cutting-edge technologies, models, and materials
have also been developed, for example, single-fiber microstruc-
ture optical tweezers[17–19], opto-thermophoretic tweezers[20],
and coating graphene[21] on the exit end of the optical fiber.
These fiber optical tweezers can achieve particle trapping, posi-
tioning, and even rotation[22] operations. Simultaneous trapping
of two particles can also be achieved by using a single-wave-
length laser source to excite different mode beams[23]. With
the rapid development of the field of micromanipulation, more

and more functions have been demanded from fiber optical
tweezers. Therefore, it is necessary to use fiber optical tweezers
to achieve more operational functions and improve their utiliza-
tion efficiency and integration. Currently, the implementation of
particle trapping and transport is of great significance in appli-
cations such as targeted drug delivery. Because of the simple and
effective structure of fiber optical tweezers, it is necessary to use
it to achieve both particle trapping and transport of particles.
Several methods of particle trapping and transport using fiber
optical tweezers have emerged. In 2012, Li et al. realized the trap-
ping and transport of particles on the fiber surface by using the
evanescent field generated on the surface of the submicron
fiber[15]. In 2015, Cao et al. used a laser source of one wavelength
to excite different modes and then used a mode selector to con-
vert the different modes to achieve particle trapping and trans-
port[24,25]. In 2015, Zhang et al. used the thermophoretic force
generated by the thermal effect for the emission of trapped par-
ticles[26]. In 2016, Zeltner et al. used a hollow-core photonic
crystal fiber to achieve particle trapping and guidance inside
the fiber[27]. In 2017, Yuan et al. implemented a fiber gun for
10 μm size particle emission using a homemade coaxial core
fiber[28]. However, none of the above methods involve the use
of multiple wavelengths in combination withmulti-mode beams
for non-contact trapping and transport of particles.
Therefore, in this paper, we propose and demonstrate an all-

fiber device that enables particle trapping and transport on the
basis of a common single-mode fiber. First, laser sources with
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wavelengths of 650 nm and 980 nm are injected into a single-
mode fiber with a typical operating wavelength of 980 nm,
respectively. Then, the linearly polarized LP11 and LP01 mode
beams are excited separately in the single-mode fiber. Bymaking
the fiber tip into a special flat-facet shape, the trapping force and
scattering force can be generated by the LP11 mode beam and
LP01 mode beam, respectively. This structure allows not only
the non-contact trapping of particles but also the transport of
particles without moving the fiber. In addition, we have estab-
lished a simulationmodel by finite element analysis method, and
the simulation results support our experimental results.

2. Principle and Numerical Simulation

Fiber probes are fabricated using commercial single-mode fibers
(Model: CS980-125-16/250, core diameter: 4.7 μm, cladding
diameter: 125 μm; YOFC) by flame heating techniques[29]. The
buffer layer and polymer jacket of the fibers are first stripped by
using a fiber stripper. The stripped length of the fiber is 5 cm. To
prevent it from breaking and warping, the fibers are wrapped
with stainless steel capillaries (outer diameter: 0.5 mm, wall
thickness: 0.1 mm, length: 100 mm). The fiber is heated for
about 30 s to reach themelting point and then drawn at an initial
speed of about 1.5 mm/s. The fiber diameter was reduced from
125 μm to 19.5 μm over a length of 5.27 mm. Then, it was sped
up and drawn at a speed of about 16mm/s. The fiber broke into a
plane with a diameter of 8.1 μm. Finally, the fiber probe is
completed by gently wiping the fiber tip with an alcohol-
impregnated cotton towel.
Microcavities are made by heating and drawing glass capilla-

ries and then placing microspheres in them. First, they are sealed
by heating the ends of the glass capillary tubes (inner diameter:
0.1 mm, wall thickness: 0.1 mm, length: 100 mm). Then, heating
was applied for about 12 s, followed by drawing at a rate of about
1.2 mm/s. The capillary diameter was reduced from 0.3 mm to
6.7 μm over a length of 7.86 mm. At this time, the heating and
stretching of the capillary are stopped. The capillary is stretched
at a speed of about 10 mm/s after the capillary has cooled for
about 5 s. The end face of the capillary tube forms a hollow-core
microtubule with an outer diameter of 6.7 μm and an inner
diameter of 4.2 μm. Finally, polystyrene microspheres with a
diameter of 6 μm are placed in the capillary to complete the
microcavity.
The experimental setup is shown in Fig. 1(a). We realize the

coupling of the 980 nm and 650 nm laser sources by using a 2 × 1
fiber coupler. The output end of the fiber coupler is first con-
nected to a section of G652D single-mode fiber and then spliced
with a single-mode fiber at a typical working wavelength of
980 nm using a fiber fusion splicer. The 980 nm laser source
excites the LP01 mode beam in a single-mode fiber at a typical
operating wavelength of 980 nm. The 650 nm laser source
excites the LP11 mode beam in a single-mode fiber. The beams
of different modes generated by the twowavelengths achieve dif-
ferent degrees of focusing through a specially designed flat-facet
fiber probe. Then, the trapping and transportation of particles

using this structure are realized. The fiber probe is fixed on
the precision five-axis microstage to achieve precise positioning.
The fiber probe is wrapped with a stainless steel capillary tube to
prevent it from breaking and bending. The fiber probe is
immersed in the microsphere suspension, and the microsphere
suspension is dropped on a glass slide installed on a three-
axis translation stage. The image is collected by a CCD and
observed in real time on the computer. The glass capillary is con-
nected to an external microinjection pump via a connecting tube
to maintain pressure balance. To facilitate observation, a filter
that filters out 97% of the 650 nm scattered light is placed in
the CCD.
The normalized frequency V is an important parameter for

determining the transmission mode in a fiber. The LP01 mode
beam is excited in the fiber when V < 2.405. The LP11 mode
beam is excited in the fiber when 2.405 ≤ V ≤ 3.832. Other
higher-order modes can be excited in the fiber when
V > 3.832. When a laser beam with a wavelength of 980 nm is
injected into a single-mode fiber with a typical operating wave-
length of 980 nm, V = 2.223 < 2.405, and the LP01 mode beam
is excited in the single-mode fiber. The far-field light intensity
distribution of the LP01 mode beam is shown in Fig. 1(b).
When a laser beam with a wavelength of 650 nm is injected into
a single-mode fiber with a typical operating wavelength of
980 nm, 2.405 < V = 3.352 < 3.832, the LP11 mode beam is
excited in the single-mode fiber. The far-field light intensity dis-
tribution of the LP11 mode beam is shown in Fig. 1(c). Water
exhibits low absorption for both wavelengths of laser light.
Therefore, no temperature gradients are generated to cause tur-
bulence, which ensures stable manipulation. The difference
between ordinary tapered single-fiber optical tweezers in trap-
ping particles is not obvious when using the LP01 mode or
LP11 mode for trapping particles. The experimental results are
shown in Fig. 2. Therefore, we fabricated a flat-facet fiber probe.
The LP11 mode beam forms an effective optical trap for particle
trapping after passing through the flat-facet fiber probe. The

Fig. 1. (a) Schematic of the experimental setup. (b) Image of far-field light
intensity distribution of the excited LP01 mode beam. (c) Image of far-field
light intensity distribution of the excited LP11 mode beam. (d) Optical micro-
graphic image of flat-facet fiber probe.
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LP01 mode beam always exhibits a scattering force capable of
pushing particles away from the fiber tip after passing through
the flat-facet fiber probe and is used for particle transport. The
microscopic image of the fiber probe is shown in Fig. 1(d).
We established a simulation model through finite element

analysis. The total light force F0 exerted on the particle can
be expressed as follows[30]:

F0 =
I
S
�hTMi · n�dS, (1)

where the integration is taken over a closed surface S surround-
ing the particle, n is the surface normal vector, and TM is the
time-independent Maxwell stress tensor, which can be calcu-
lated as follows:

TM =
1
2
Re

�
εEE� � μHH� −

1
2
�εjEj2 � μjHj2�I

�
, (2)

where EE� and HH� indicate the outer product of the electro-
magnetic fields; ε is the electric permittivity; μ is the magnetic
permeability; I denotes the unit dyadic.
We use the wave optics module (electromagnetic waves, fre-

quency domain) and perfectly matched layer boundary condi-
tions to perform simulations in commercial finite element
simulation software. The refractive indices of fiber, particle,
and water are set to 1.45, 1.45, and 1.33, respectively. The par-
ticle diameter is set to 2 μm. The wavelengths are set to 650 nm
and 980 nm, respectively. The input power is set to 1 W/m. The
LP11 mode beam [Figs. 1(c), 3(a), and 3(b)] has almost no power
distribution in the x axis. Its power ismainly concentrated on the
sides of the beam[31]. The LP11 mode beam has a trapping point
in the x axis at a distance of 3.7 μm from the fiber probe. The
force applied on the particles is positive before 3.7 μm, pushing
the particles towards the trapping point. The force on the par-
ticles is negative in the range of 3.7 μm to 7.3 μm, pulling the
particles back to the trapping point. After 7.3 μm, the force
applied on the particle becomes positive again, pushing the par-
ticle away from the fiber optic probe. The electric field distribu-
tion, details of the electric field distribution, and force analysis
are shown in Figs. 3(a)–3(c), respectively. The force analysis of
the particle was performed at 3.7 μm and 10 μm in the y-axis
direction, respectively. The simulation results show that if the
particle deviates from the x axis, it is pulled back to the x axis
by a force that is opposite its direction of motion. The force
analysis is shown in Fig. 3(d). Thus, the particle can remain
in the axis while being trapped or while being transported.

The power of the LP01 mode beam [Figs. 1(b), 3(e) and 3(f)] is
mainly concentrated in the middle of the beam[29]. It does not
achieve strong focus to form an optical trap after passing
through the fiber probe. The force it exerts on the particle in the
x axis is always expressed as a scattering force that pushes the
particle away from the fiber probe. The force on the particle
is always positive. The electric field distribution, details of the
electric field distribution, and force analysis are shown in
Figs. 3(e)–3(g), respectively. The force analysis was performed
at 5 μm and 10 μm in the y-axis direction, respectively. The sim-
ulation results show that if the particle deviates from the x axis, it
is pulled back to the x axis by a force that is opposite its direction
of motion. Thus, the particle can be kept in the axis all the time
while being transported. The force analysis is shown in Fig. 3(h).
Therefore, we construct a non-contact trapping point, as can be
seen from the above force analysis. Moreover, the particles can
be transported along the x axis outside the trapping point.

Fig. 3. (a)–(d) LP11 mode beam excited by a 650 nm laser passes through the
electric field of the flat-facet fiber probe, details of the electric field distri-
bution, applying a force on the particle in the x axis and a force on the particle
along the y-axis direction. (e)–(h) LP01 mode beam excited by a 980 nm laser
passes through the electric field of the flat-facet fiber probe, details of the
electric field distribution, applying a force on the particle in the x axis and a
force on the particle along the y-axis direction.

Fig. 2. Tapered fiber probe traps particles in the experiment. (a) Particle trap-
ping was performed using an LP11 mode beam excited by a 650 nm laser
source. (b) Particle trapping was performed using an LP01 mode beam excited
by a 980 nm laser source. (The scale bars in the figure are all 4 μm.)
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3. Experimental Results and Discussions

Only the laser source with a wavelength of 650 nm was turned
on, and the fiber probe output power was 5.33 mW. Silica par-
ticles with a diameter of 2 μm achieve non-contact trapping at a
distance of about 2.7 μm from the fiber tip. By manipulating the
fiber optic probe, the trapped particles canmove about 42.36 μm
along the �x direction [Fig. 4(b)]. Continuing to manipulate
the fiber probe, the trapped particles could move about
47 μm [Fig. 4(c)], 28.9 μm [Fig. 4(d)], and 41.18 μm [Figs. 4(e)
and 4(f)] along the −x, −y, and �y directions, respectively. In
addition, the trapped particles can be released when the laser
source is turned off. This indicates that the dynamic operation
is caused by the movement of the fiber probe.
When t = 0 s, the particles are in the state of trapping using a

650 nm laser source. Turning on the 980 nm laser source, the
output power at the fiber probe end is 4.03 mW. At this point,
the push force exerted on the particle by the 980 nm laser source
is greater than the trapping force exerted on the particle by the
650 nm laser source, so the particle breaks away from the optical
trap for emission. The distances of the particles from the fiber tip
at t = 4 s, 11 s, 17 s, and 23 s are 8.3 μm, 42.6 μm, 73.3 μm, and
91.6 μm, respectively. The partial trajectory images and detailed
position information of the particle motion are shown in
Figs. 5(a) and 5(b). The thrust force applied to the particle
gradually decreases as it gets farther and farther from the fiber
tip. Finally, the longest emission distance of the particle is
122.3 μm.
The particles will not achieve trapping, only emission, when

only the 980 nm laser source is turned on.When t = 0 s, the par-
ticle is moved to the front of the fiber probe, and it is emitted
along the axial direction. The distances of particles from the fiber

probe tip at t = 2 s, 20 s, 30 s, and 42 s are 8.6 μm, 32.3 μm,
60.2 μm, and 86 μm, respectively. The maximum emission dis-
tance of the particles is 86 μm. The partial trajectory images and
detailed position information of the particles during the emis-
sion are shown in Figs. 6(a) and 6(b), respectively. The emission
distance of particles is reduced by 36.3 μmcompared to two laser
sources turned on simultaneously. In addition, the average
velocity is reduced from 4.13 μm=s to 2.05 μm=s when emitted
to 86 μm. Compared to two laser sources turned on at the same

Fig. 5. (a) Trajectory of particles being emitted when the 650 nm and 980 nm
laser sources are turned on simultaneously. (The scale bars in the figure are
all 4 μm.) (b) The horizontal position of the particle as a function of time.

Fig. 4. Manipulation of particles in the x–y plane. (The scale bars in the figure
are all 4 μm.)

Fig. 6. (a) Particle emission trajectory when only the 980 nm laser source is
turned on. (The scale bars in the figure are all 4 μm.) (b) The horizontal posi-
tion of the particle as a function of time.
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time, the combined force of the thrust applied to the particles in
the axial direction is reduced when only the 980 nm laser source
is used for particle emission. So, the emission distance and emis-
sion velocity of particles are reduced. Therefore, we can achieve
not only the non-contact trapping of particles, but also the emis-
sion of particles over longer distances and at faster speeds when
two laser sources are used.
Based on the fact that we can achieve not only particle

manipulation but also particle emission, we achieve particle
transport. We show two of the processes of particle transport.
The first transport process is shown in Fig. 7 (the microcavity
is at the position of 35.6 μm in the −y direction and 74.1 μm
in the�x direction of the particle). First, we use a 650 nm laser
source to achieve non-contact trapping of particles and then
move the fiber probe 40.2 μm in the −y direction [Figs. 7(a)
to 7(b)]. The 980 nm laser source is turned on, and the particles
start to be transported. The distances between the particle and
the fiber probe at 12 s and 21 s are 23 μm [Fig. 7(c)] and 72.8 μm
[Fig. 7(e)], respectively. At 25 s, the particles are transported to
the microcavity at a distance of 78.8 μm from the fiber probe
[Fig. 7(f)]. The final transport distance of the particles is
86.8 μm [Fig. 7(g)].
The second process is shown in Fig. 8 (themicrocavity is at the

position of 44.3 μm in the �y direction and 45.7 μm in the �x
direction of the particle). First, we use a 650 nm laser source to
achieve non-contact trapping of particles and then move the
fiber probe 48.6 μm in the �y direction [Figs. 8(a) to 8(b)].

The 980 nm laser source is turned on, and the particles start
to be transported. The distances between the particle and the
fiber probe at 11 s and 15 s are 17 μm [Fig. 8(c)] and
44.5 μm [(Fig. 8(e)], respectively. At 18 s, the particles are trans-
ported to the microcavity at a distance of 49.8 μm from the fiber
probe [Fig. 8(f)]. The final transport distance of the particles is
56.3 μm [Fig. 8(g)].

4. Conclusions

In this paper, we design and demonstrate a multifunctional sin-
gle-fiber optical tweezer. It enables non-contact trapping and
long-distance transport of particles. The structure uses a
650 nm laser source and a 980 nm laser source to generate
the LP11 mode beam for non-contact particle trapping and
the LP01 mode beam for particle transport, respectively. So,
the different laser wavelengths can excite different modes to
achieve different functions in fiber optical tweezers. This
method uses a small laser power output, and the laser wave-
length used can effectively reduce the photothermal effect dur-
ing particle manipulation. As a controllable all-fiber integration
device, it expands the characteristics of single-fiber optical
tweezers and provides the possibility for more practical applica-
tions in the field of micromanipulation research. It promotes the
development of trapping and transport of particles. It offers

Fig. 7. First transport process of the particle. (The scale bars in the figure are
all 4 μm.)

Fig. 8. Second transport process of the particles. (The scale bars in the figure
are all 4 μm.)
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more possibilities for particle sorting, targeted drug delivery,
etc., in biology.
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