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A study of multi-trapping of tapered-tip
single fiber optical tweezers*
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We develop a pair of tapered-tip single fiber optical tweezers, and study its multi-trapping characteristic. The finite
difference time domain method is employed to simulate the trapping force characteristic of this pair of single fiber optical
tweezers, and the results show that the number of trapped particles depends on the refractive index and the size of the
particles. The trapping force of this pair of tapered-tip single fiber optical tweezers is calibrated by the experimental
method, and the experimental results are consistent with the theoretical calculation results. The multi-trapping capability
realized by the tapered-tip single fiber optical tweezers will be practical and useful for applications in biomedical research

fields.
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1. Introduction

Optical tweezers (OTs) have been widely applied to
the noninvasive manipulation of a variety of biological

151 including viruses, bacteria, cells, and sub-

specimens
cellular organisms in biology and biophysics research fields
since they were invented by Ashkin ef al. in 1986.1° When
the light from OTs is incident and deflected by the surface
of an object, optical forces will be produced and exerted
on the object due to the photon momentum change. Be-
sides the biological field, OTs also open up new possibili-
ties for handling areas revolutionized by microscopic parti-

[7- 1011 and micro-

cles, such as atomic physics, 9] chemistry,[
electro-mechanical systems (MEMS);[!?! even the study of the
optical trapping itself has resulted in the advent of interesting
new physics.[1314]

Traditionally, optical trapping is achieved by traditional
lens OTs, but the bulky structure and high cost restrict their
applications in several environments, so optical fiber tweez-
ers came into being. The early fiber OTs employed two or
more optical fibers guiding light beams to build a large enough
light field intensity gradient distribution for trapping,!>16]
which needs multi-high-precision micro-manipulators to con-
trol multi-optical fibers, so the cost of multi-optical fiber
tweezers is still too high. Then, on the basis of fiber-end mi-
cromachining technology development, Taylor and Hnatovsky
achieved the three-dimensional (3D) trap of a solid glass bead
in water with a single selectively etched hollow tipped fiber

probe,['”] and then single fiber OTs came into being.!'%!]
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So far, structures of single OTs have been developed, such
as narrow parabola-like tapered tip fiber OTs,!'8! reflection-
based fiber-optic tweezers,*°! axicon-tip fiber OTs,?!] high-
index fiber-optic tweezers,??! twin-core fiber OTs,?3! four-
core fiber OTs,[?*! and others.

For multi-particle trapping research, we can find a rel-
evant report on using the lens OTs,!>] but the difficulty for
the lens OTs is that they use the same lens to trap and ob-
serve micro-particles, and the trapping direction of the micro-
particle is perpendicular to the field of view of the lens: when
the first micro-particle is trapped, it will block the second one,
third one, and even more, causing inconvenience in practi-
cal applications; therefore, relative reports on further research
rarely appear. Based on fiber OT technology, whose manipu-
lation view does not depend on the micro-particle trapping di-
rection, Mohanty and Mohanty!?®! presented a pair of tapered
tip fiber tweezers, which can achieve multi-particle trapping
simultaneously, but further research on the trapping principle
and characteristics has not been seen until now. However, on
the basis of a series of early works above, ?>~2"! we fabricated
a pair of tapered-tip single fiber OTs by a combination of the-
oretical simulation and experimental verification, which is dif-
ferent from the normal theoretical model simulation method,
to analyze the factors influencing the quantity of trapped parti-
cles and the trapping characteristics of the single fiber OTs us-
ing the finite difference time domain method (FDTD) method,
and calibrate the optical trapping force of the single OT's using
a pair of calibrated single fiber OTs. These further research re-
sults make it feasible to conveniently use the single fiber OTs
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in practical researching fields.

2. Fabrication of fiber tapered tip

The normal 980-nm single mode fiber (CL 980 20,
NA =0.2, OFS) with a core diameter of 3.7 um is employed.
A selective chemical etching procedure is employed. The
chemical etching solution is composed of 48% hydrofluoric
acid (HF), 40% ammonium fluoride (NH4F), and de-ionized
distilled water. The volume ratio of the three solutions is
1.5:1:1.128) Here we choose 1-bromodecane as the protective
liquid layer, *°! which is very important for the final profile of
the fiber tip. After 60-min etching in solution at room temper-
ature, the fiber tapered tip has a cone angle of 30°, as shown
in Fig. 1.

20 pm

Fig. 1. SEM image of the tapered tip fabricated by the acid etching
method.

3. Theoretical analysis of the trapping charac-
teristics

For the tapered tip presented in Fig. 2, it is difficult to
obtain an analytical expression for the output light field; there-
fore, a numerical algorithm such as the FDTD is employed
to simulate the output optical field distribution and the optical
trapping force of the single fiber OTs.
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Fig. 2. Schematic diagram of tapered-tip fiber probe. R is the radius of
the core; 0 is the taper angle. d is the distance between the fiber tip and
the micro-particle center.

According to Refs. [18], [30], and [31], the incident wave
is two-dimensional (2D). For a TM mode single-frequency
continuous wave with components of Ey, E,, and H,, the trap-
ping forces are expressed as

1 1 2
Fe = Efg {_ E(Hldo |Hy|” -+ &oe1 |E-|” — &0 |E|*) | dz

+ 7{ £ soRe(ExEZ*)} dr, )
S

1 1 2
F. = 27{[_2(#N0!Hy\ +eoer [Ex|” —eoer |E:) | dx
N

+ ]{ e1&Re(ELE] )} dz, 2
s

where S is the boundary of plane XOZ, € and €; are the vac-
uum permittivity and relative permittivity respectively, and Ly
and u; are the vacuum permeability and relative permeability
respectively. From Egs. (1) and (2), the optical trapping force
exerted at boundary S can be obtained fromkEy, E,, and H,.

3.1. Trapping the first particle

The output field of the tapered-tip fiber tweezers is sim-
ulated and shown in Fig. 3 on the simulation conditions that
the cone angle 0 is 37°, the fiber core diameter is 3.7 um, the
refractive indices of the core and cladding are 1.46 and 1.45
respectively, the radius and refractive index of the particle are
2.5 um and 1.40 respectively, and the medium index is 1.33.
From Fig. 3 it follows that the divergent field out of the fiber
tip is uniform, and the light intensity gradient distribution near
the waist is larger than in other places.
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Fig. 3. (color online) Output optical field intensity distributions of probe
with taper angle 6 = 37° for the cases (a) without dielectric spheres and
(b) with one dielectric sphere with r = 2.5 pm and n = 1.45.
According to Eq. (1), the calculated values of transverse
trapping force (F) at different positions (z = 2.5 um, 4.5 pm,
and 6.5 um) along the z axis are presented in Fig. 4; the nega-
tive values of the trapping forces indicate that the directions of
the forces are along the z axis. The transverse trapping forces
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at the origin of the z axis are all zero, which is consistent with
the practical situation.
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Fig. 4. (color online) Transverse optical trapping force curves at differ-
ent positions along the z axis.

The axial optical force (F;) is calculated from Eq. (2).
Figure 5 Shows the axial forces exerted on the micro-particles
with different refractive indices. The curve of n = 1.4, that is
generally the refractive index of a biological cell, shows that
in a d range of 4 pm—15 pm there is a remarkable negative
trapping force, which can pull the particles to the fiber tip.
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Fig. 5. (color online.) Axial forces of the first particle with different
indices. Here the horizontal axis d has been defined in Fig. 2.

Therefore, according to Figs. 4 and 5, the tapered-tip
single fiber OTs can trap and manipulate a single dielectric
sphere. Besides, we can also predict that the lower the micro-
particle refractive index is, the larger the trapping range (trap-
ping force exerted region along the z axis) will be.

3.2. Trapping the second particle

The axial trapping force is the key factor which deter-
mines whether the tweezers can trap particles. Therefore we
mainly discuss the characteristics of the axial forces. The ax-
ial trapping force simulation results for the second particle are
shown in Fig. 6. The trapping forces on the second particle
with different refractive indices are plotted in Fig. 6 on the as-
sumption that the radii of the first and second particles are the
same (r; = rp = 2.5 um). According to Fig. 6, the second par-
ticle is subjected to an axial trapping force when the refractive
indices are 1.35, 1.4, and 1.45. The trapping becomes unstable
when the refractive index increases to a certain value, such as
1.48. When the refractive index increases to 1.5, the optical
forces become larger than zero, which indicates that the fiber

tweezers will not be able to trap the second particle. Besides,
the trapping range of the tweezers decreases gradually with the
particle refractive index increasing from 1.35 to 1.5, which is
the same as the property of the first particle.
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Fig. 6. (color online) Axial forces of the second particle with different
indices.

Figure 7 shows that the output optical field is complicated
when two particles have been trapped, and the transverse opti-
cal trapping force of the second particle (z = 7.5 pum) is shown
in Fig. 8.
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Fig. 7. (color online) Output optical field intensity distribution of the
probe with taper angle 6 = 37°. The radius and the index of the micro-
particle are 2.5 pm and 1.45 respectively.
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Fig. 8. (color online) Transverse optical trapping force of the second
particle. The radius and the index of the micro-particle are 2.5 um and
1.45 respectively.

3.3. Trapping the third particle

The trapping effect of the OT's on the third particle is also
simulated and calculated as shown in Fig. 9, from which there
still exist trapping forces when the refractive index of the third
particle is less than 1.4; when the refractive index is larger
than 1.5, only pushing force is exerted on the third particle.
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Compared with the curves of n = 1.35 and n = 1.4, the trap-
ping range of n = 1.35 is much larger than that of n = 1.4.
Therefore, simulation results indicate that the trapping range
of the tapered-tip single fiber OTs is inversely proportional to
the refractive index of the trapped particle.
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Fig. 9. (color online) Axial forces of the third particle with different
indices.
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Fig. 10. (color online) Output optical field intensity distribution of

probe with taper angle 6 = 37°. The radius and the index of the micro-
particle are 2.5 pm and 1.45 respectively.
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Fig. 11. (color online) Transverse optical trapping force of the third
particle. The radius and the index of the micro-particle are 2.5 pum and
1.45 respectively.

Similarly, according to Fig. 10, the output optical field
is even more complicated when three particles have been
trapped, and the transverse optical trapping force of the third
particle (z = 12.5 pm) is shown in Fig. 11.

3.4. Trapping multi-particles

Finally, the multi-particle trapping properties are investi-
gated, and the simulation results are shown in Fig. 12, where
the strips present the trapping numbers of particles with differ-
ent radii, and it is apparent that the tweezers can trap multiple
particles simultaneously when the refractive index of the par-
ticle is small (< 1.5), and the number of the trapped particles
decreases quickly with increasing particle refractive index. It
can also be seen that the smaller the particle size is, the larger
the maximal number of the trapped particles will be. There-
fore, we conclude that the refractive index of the dielectric
sphere plays an important role in the trapping capability of the
tapered-tip single fiber OTs.
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Fig. 12. The numbers of trapped particles with different indices.
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Fig. 13. (color online) Axial optical trapping forces of the yeast cells
with the radii of 1 um (a) and 5 pm (b).

Furthermore, we simulate and calculate the axial opti-
cal trapping forces of yeast cells of different sizes, such as
r=2.5 um and r = 10 um. The simulation results are shown
in Fig. 13.
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4. Experiments

A laser diode (LD) with a wavelength of 980 nm is used as
the light source, and the power can be tuned from 0 to 120 mW
by adjusting the driving current of the LD. The yeast cells are
observed and operated in water with an ordinary reversal opti-
cal microscope. The output light power of the OTs is 120 mW.
The yeast cells (r = 2.5 wm) with a refractive index of ~ 1.4
are chosen as the dielectric spheres.

As shown in Fig. 14, two pairs of single fiber OTs are
employed: one is fixed and the other is movable. We use the
movable tweezers to trap a cell and then move it to the trapping
range of the fixed tweezers; next, we reduce the input optical
power of the movable tweezers to release the trapped cell; fi-
nally, the released cell is re-trapped by the fixed tweezers.

Fig. 14. (color online) Two pairs of tapered-tip fiber OTs transfer one
particle.

10 pm

With this method, we can easily trap one and more cells
at the tip of a pair of single tweezers. Photographs of multi-
particle trapping are shown in Fig. 15.

10 pm

Fig. 15. (color online) Photographs of multi-particle trapping: (a) two
particles; (b) three particles.

The trapping force will become smaller when one or more
particles have already been trapped, which indicates that the
second particle and the third particle will be not easily con-
trolled by the trapping force from this type of tapered-tip sin-
gle fiber OT. There are also many other factors making the
multi-particle trapping unstable. From the simulation curves
above, the trapping force is not large when the OTs have
trapped more than one particle. The simulation results are con-
sistent with the actual situation.

According to Stokes’ law, the output optical power
from the movable tweezers versus the trapping force can be

calibrated,!'”-*?! and the results show that when the input op-
tical power increases by 1 mW the trapping force increases
by nearly 0.8 pN. Therefore, the calibrated moveable tweezers
can not only help the fixed tweezers to trap micro-particles,
but also calibrate the fixed tweezers. First, we use the movable
tweezers to trap a cell; second, we move the movable tweez-
ers to the trapping area of the fixed tweezers by slowly turning
down the power of the laser source. When the fixed tweezers
can trap the cell which has been trapped by the movable tweez-
ers, the trapping force from the fixed tweezers and that from
the movable tweezers are equal. Therefore, we can realize the
calibration of the fixed tweezers, and the relationship between
the distance from the tip and the trapping force is shown in
Fig. 16. Unfortunately, however, because neither the trapping
range nor the trapping force is large enough to trap the third
cell, it is hard to calibrate the third cell using this method. The
trapping force of the third cell is shown in Fig. 16.
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Fig. 16. (color online) Experiential and theoretical results of trapping
forces, with different numbers of particles trapped.

The theoretical simulation results of the trapping force are
also shown in Fig. 16 on the assumption that the particle index
is 1.4 and the radius is 2.5 pm.

Figure 16 shows that the experimental and the theoreti-
cal results have the same trends. It is noteworthy that both in
the simulation and in the experiment the trapping force of the
second particle is larger than that of the first one. The reason
may be that the light field is re-focused by the first cell, and
the trapping force will be enhanced.

5. Conclusions and discussion

A study of the multi-trapping characteristic of a pair of
tapered-tip single fiber OTs is carried out by theoretical and
The FDTD method is employed to
simulate the trapping characteristic of this pair of fiber OTs,

experimental methods.

and the results show that the number of trapped particles de-
pends on the refractive index and the size of the particle. Be-
sides, the trapping forces of this pair of tapered-tip single fiber
OTs are calibrated by the experimental method, and the re-
sults are consistent with the theoretical calculation results. The
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multi-trapping function realized by the tapered-tip single fiber
OTs will be practical and useful for some applications in the
biomedical research field.

There are many factors influencing the experimental re-
sults, such as the Brownian motion of the micro-particle,
which will offset a part of the optical trapping force, and the
simulation model of the OTs, which is ideal and deviates from
reality. Therefore, the OTs we use cannot be strictly consistent
with the ideal model. These factors cause differences between
the experimental results and the simulation results. In the fol-
lowing work, we will investigate the relationship between the
trapping force and the factors above, such as the shape, index,
and size of the dielectric sphere, the distribution shape and
magnitude of the output optical field, and others.
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