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We propose and demonstrate single fiber dual-functionality optical tweezers based on a graded-index multimode
fiber. By using the multi-angle fiber grinding and polishing technology, we fabricate the multimode fiber tip to be
a special tapered shape, contributing to focus the outgoing beam with a large intensity gradient for the first
functionality—three-dimensional contactless trapping of a microparticle. By adjusting the radial direction
offset between the lead-in single mode fiber and the graded-index multimode fiber, we perform the second
functionality—axial shift of the trapped microparticle with respect to the fiber tip without need of moving
the fiber probe itself. It is convenient for practical applications. The theoretical and experimental results about
the relationship between the radial offset and the equilibrium positions of the microparticle have the good
consistency. Tailoring the trap and axial shift of the microparticle based on the graded-index multimode fiber
provides convenient avenues for fiber optical tweezers applied in practical researches.
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Since the optical tweezers were first proposed by Ashkin!?,
they have been gradually applied to the biological and
medical researching fields2?, such as cells, viruses, and
bacteria manipulations. Traditional lens-based optical
tweezers normally employ a high numerical aperture
(NA) lens to the focus beam for a microparticles trap.
Although successfully used in many experiments, the tra-
ditional optical tweezers have some intrinsic limitations
resulting from their bulkiness and lack of flexibility.
The realization of optical trapping based on optical fibers
allows a miniaturized, versatile, and handy tool to be ob-
tained. Originally, the fiber optical tweezers have to em-
ploy multiple fibers to perform a single optical trap®29.
Thus, the multi-fiber optical tweezers need beam-
alignment configurations to ensure the beams from differ-
ent fibers converge. The single fiber optical tweezersZ
may perform the optical trapping without utilizing of
the beam-alignment configurations, having the advan-
tages of low-cost and easy to manipulate. Recently, the
single fiber multi-functionality optical tweezers are
developed™2, On the basis of microstructured multicore
fibers, the single fiber multi-functionality optical tweezers
perform multiple functionalities, such as trapping,
rotating, stretching, trapping position shifting?!, and
others. However, due to the expensive price and scarce
output of the microstructured multicore fiber, the appli-
cations of microstructured multicore fiber optical tweezers
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are narrow. In summary, it is difficult for single fiber op-
tical tweezers to achieve multiple functionalities based on
a single core, single-mode fiber (SMF) unless it combines
with other mechanics, such as the thermal effect2d. In fact,
besides the SMF, the multimode fiber (MMF') also can be
used to fabricate the optical tweezersZ2)., Gong demon-
strates a three-dimensional contacting optical trap2
and a two-dimensional non-contact optical trap based
on a graded-index MMF. To obtain a focusing laser beam
and large gradient force, they employed the graded-index
MMF with exact control length, due to the self-focusing
effect (the beam that propagates in the graded-index
MMEF will be periodic convergence and divergence). The
length of the graded-index MMF is limited to about a
few hundred microns, which is inconvenient for practical
applications.

In this Letter, on basis of the graded-index MMF, we
propose and demonstrate the MMF optical tweezers,
which may perform stable three-dimensional, non-contact
optical trapping of a yeast cell by using a tapered shape
fiber tip produced with the multi-angle fiber grinding
and polishing method. The special tapered shape of the
fiber tip ensures the long trapping distance and non-
invasive optical manipulation. In addition, the MMF op-
tical tweezers can also drive the axial directional shift of
the trapped microparticle with respect to the fiber tip by
adjusting the radial directional offset between the lead-in
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SMEF and the graded-index MMF. Being different from the
reports based on graded-index MMF introduced by
Gong22, we employ the radial directional offset adjust-
ment method in the optical tweezers, which eliminates the
requirement for the precise control of the MMF length,
contributing to the convenience for practical applications.
The excitation and utilization of the dual-functionality
MMF optical tweezers constitute a new development
for single fiber optical tweezers and provides the possibil-
ity of much more practical applications in the biomedical
research fields.

The laser beam performs a stable intensity distribution
after it propagates in a graded-index MMF for a long dis-
tance (L > 800 m) due to the coupling of multiple mode
groupsy. When the radial directional offset between the
lead-in SMF and the graded-index MMF increases, the
higher order mode groups will be excited, and the spot size
of the beam propagating in the core will be amplified2.
The beams with different spot sizes converge on different
positions when they pass through the fiber tip, whose
shape is modified to be a special tapered shape, having
the potential to perform non-contact, multi-position opti-
cal trapping. The special tapered shape fiber tip can be
regarded as an optical lens with special focusing property.
The beam with different mode field diameters will focus on
different positions due to the special tapered shape of the
tip. Figure 1 provides the configuration of the graded-
index MMF optical tweezers.

We employ a lead-in SMF (Clear-Lite980 Photonic Fi-
bers, OFS) and a graded-index MMF (GI 62.5/125-27/
250, YOFC) to fabricate the dual-functionality fiber-based
optical tweezers probe. The cladding diameter of the SMF
is 125 pm, and the core diameter is 4.6 pm. The NA of the
SMF is 0.14. The cladding diameter of the MMF is 125 pm,
and the core diameter is 62.5 pm. The NA of the MMF is
0.275. The refractive index profile of the graded-index
MMEF can be expressed as
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Fig. 1. Schematic of the graded-index MMEF optical tweezers
probe structure. a, image of the MMF profile light field in the
core when A, = 0; b, image of the MMF profile light field in
the core when A4, = 10 pm; c, the lateral view image of the fo-
cused output light field from the MMF when AA, = 0, here we
employ the dye Eosin Y in the solution. We use the green light
source of 532 nm to illuminate and a red light filter to observe. d,
the lateral view image of the focused output light field from the
MMF when AA, = 10 pm. The images are all taken by CCD.
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where n, is the maximum of the refractive index at r = 0,
r, is the core radius, a is the factor that determines the
index profile. The refractive index difference between
the core and the cladding is A = (n? — n3)/2n3, where
n; = 1.4807, ny = 1.4627, and a = 2. The length of the
MMF is L =1 km. We grind and polish the MMF tip
to be a special tapered shape with multiple angles
01,05, ..., and 0,,. The solid angle of the fiber tip is named
Q = 20,,. The radial offset AA,, which is defined as the ra-
dial direction offset between center of the lead-in SMF and
the MMF (see Fig. 1), determines the spot size of the out-
going beam. The larger A4, is, the larger the spot size of the
beam is. When A4, changes from zero to A4, ., the am-
plitudes of the beam decrease gradually, and the diameters
of the spots increase gradually. Thus, the focus position of
the outgoing beam shifts from z; to zy (see Fig. 1), when
AZ, changes from zero to A, ..

Different AA, excites different mode groups: when
A4, = 0, the lower order mode groups are excited, the la-
ser power concentrates in center of the MMF core, and the
spot size is small; when A1, increases gradually, the higher
order mode groups are excited, and the spot size extends.
In the experiment, when AJ, increases from 0 to 16.5 pm
with the step of 1.5 pm, the spot size @, of the outgoing
beam increases from 6.18 to 20.20 pm, and the normalized
peak power of the outgoing beam decreases from 1 to 0.04;
the beam total power decreases from 1 to 0.96 (see Fig. 2),
and wq is defined as the beam radius at which the field
intensity values fall to 1/e? of the maximum values.
The green stars connected by green lines show the mea-
sured intensity, and the solid circles connected by yellow
lines show the measured spot radius. It indicates that we
may focus the outgoing beam on different positions and
trap the microparticle on different positions if we modify
the MMF probe tip to be a suitable shape. The spot size of
the outgoing beam is unrelated to the length of the MMF|
which overcomes the limitation of the precise control of
the MMF length, promoting the convenience of the
MMEF optical tweezers for practical applications.

Besides the radial offset A4,, the fiber tip shape of the
graded-index MMF also determines the optical trapping
force magnitudes and the trapping positions. The shape
of the fiber tip acts as a lens, thus modifying propagation
and intensity distribution of the outgoing beam in the ex-
ternal medium. Normally, we divide the fiber tip shape
into three categories, which are awl shape, ellipsoid shape,
and tapered shape (see Fig. 3). By using the common fiber
“fused biconical taper” method, the fiber tip is normally
processed to be the awl shape (see Fig. 3a). The awl shape
fiber tip adsorbs particles being close to the fiber tip
(see Fig. 3b) which may cause some damages on cell
membranes, resulting in the awl shape fiber tip being
unsuitable for biological applications. In order to perform
the non-contact optical trap, a “two-step” method2? is used
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Fig. 2. Relationship between A, and the intensity I, of the outgoing beam and the relationship between the A4, and the spot size wg
of the outgoing beam. The range of the A4, is from 0 to 16.5 pm, the range of the I, is from 0 to 1, and the range of @y is from 6.18 to

20.20 pm.
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Fig. 3. Schematic of the fiber probes with different shapes fab-
ricated by different methods. a, the awl shape fiber probe tip
fabricated by using the heating-drawing method; b, the axial
force produced by the awl shape fiber tip; c, the ellipsoid
shape fiber probe tip fabricated by using the two-step method;
d, the axial force produced by the ellipsoid shape fiber tip; e, the
tapered shape fiber probe tip fabricated by using the grinding—
polishing method; f, the axial force produced by tapered shape
fiber tip.

to fabricate the ellipsoid shape fiber (see Fig. 3c). Although
it can achieve the non-contact trap, the trapping position is
still close to the fiber end (see Fig. 3d). When we employ the
ellipsoid shape fiber tip to trap large microparticles
(24 < radius of the microparticle), it still performs the

contacting trap. By using the multi-angle fiber “grinding
and polishing” method, we may fabricate the fiber probe
tip to be a special tapered shape (see Fig. 3e). The tapered
shape can be regarded as multiple truncated cones arranged
in layers. It is convenient and feasible to modulate light field
distribution of the outgoing beam by grinding and polishing
the fiber tip step by step with multiple grinding angles.
Thus, we may perform the non-contact trap and ensure
that the trapping position is far away from the fiber tip
(see Fig. 3f). For the MMF optical tweezers probe, we em-
ploy the multi-angle grinding and polishing technology to
fabricate the tapered shape fiber tip.

Both A/, and 2 determine the optical trapping state of
the MMF probe. We investigate the optical trapping force
introduced by the fiber tip with a solid angle of Q = 56°
with diversification of A4, in range of 0 to 10 pm. On the
basis of COMSOL Multiphysics software, we simulate the
optical trapping force generated from the MMF probe
exerting on the yeast cells. Other simulated conditions in-
clude the laser source wavelength of 0.98 pm. The incident
laser power is 2 mW. The average radius of the yeast cell is
3 pm. The refractive index of the background media is
1.33, and the refractive index of the yeast cell is 1.4

Figure 4a provides the calculated results of the axial
trapping force introduced by the graded-index MMF
probe with a solid angle of 2 = 56° (including the grinding
angles 0; = 5°, 0y = 20°, and 63 = 28°, see Fig. 4b). z, is
the distance between the center of the microparticle and
the fiber tip. The values of the axial directional optical
trapping force decrease along with the increment of
Al,. The stable trap position introduced by the MMF
probe shifts from 7.2 to 15.92 pm when A4, increases from
0 to 10 pm. Compared with the axial direction shifting
range introduced by SMF based on the mode complexing
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Fig. 4. a, simulated results of the axial optical trapping force in-
troduced by the graded-index MMF probes with the grinding an-
gles of 6, = 20°, 6, = 30°, and 65 = 56° and different A4,. b, the
schematic diagram of the grinding angles. ¢, the schematic dia-
gram to define z,.

technology??, the shifting range introduced by the MMF
is longer, expanding the adjustable range of the trapped
microparticle along the axial direction.

Figure 5 shows the experimental setup of the graded-
index MMF optical tweezers system. A 1:99 fiber coupler
is employed to launch and monitor the laser power in
the lead-in the SMF in real-time. A 980 nm laser-pumping
source with the power adjusting range of 0-300 mW is
employed for optical trapping. Two three-dimensional
adjustable frames are employed to mount the fibers and
change the radial directional offset between the lead-in
SMF and the MMF. The MMF probe is fixed on the
three-dimensional micromanipulator, whose resolution is
62.5 nm/step. A 40 times objective (the NA is 0.25, and
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Fig. 5. Experimental setup structure diagram of the graded-
index MMF optical tweezers system. a, the schematic showing
the fiber grinding and polishing configuration.

the focal depth is 8 mm) and a CCD (the resolution is
30 frame/s) are used for observing the performance of
the MMF probe. All devices are mounted on the air-bearing
table to ensure the stability in the experiment. The yeast
cells in the aqueous solution are used as the manipulating
objects. The average diameter of the yeast cells is 6 pm, and
the refractive index of the yeast cell is 1.4. A multi-angle
fiber grinding—polishing technology is employed to fabri-
cate the fiber tapered tip. According to Fig. 5a, two direct
current motors are employed to drive the grinding plate
and rotate the fiber at the same time. The grinding angle
6 of the fiber probe tip depends on the angle between the
fiber rotation axis and the grinding plane.

In the experiment, we set A1, = 0, and the laser power to
be 15.92 mW; by using the graded-index MMF probe with
Q = 56°, we achieve the stable non-contact trap of the
yeast cell. We move the trapped yeast cell in the three-
dimensional space by moving the fiber probe in the
three-dimensional space (see Visualization 1). We increase
A2, from 0 to 10 pm with the step of 2 pm. The trapped
yeast cell moves from z=75pum to z=16.1 pm
(see Figs. 6a and 6b). We can also achieve the trapped yeast
cell to move from z=16.1 pm back to z=7.5 pm by
changing A/, from 10 to 0 pm. Figure 6 shows that the
theoretical and experimental results about the relationship
between the radial offset and the equilibrium positions of
the microparticle have a good consistency. But when A4,
exceeds 10 pm, the MMF probe will lose the capturing abil-
ity. The reason is that the optical power density decreases
as A4, increases. The laser power cannot be focused
strongly to generate sufficient optical gradient force to trap
the yeast.

We also fabricate an MMF probe based on a step-index
MMF (SI105/125-22/250) with the same method. The
core diameter of the MMF is 105 pm, and the NA is
0.22. The spot size of the outgoing beam does not change
when the radial offset between the lead-in SMF and the
MMF changes. The distribution of the laser power is ran-
dom, resulting in the instability of the laser power
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Fig. 6. Visualization 1. a, relationship between d, and A1, when
the laser power is 15.92 mW. b, images of the graded-
index MMF probe with the € of 56° trapping and changing
the position of the yeast cell.
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distribution. Therefore, the step-index MMFs are not suit-
able for fiber-based optical tweezers.

In conclusion, we propose and demonstrate the fiber
optical tweezers based on a graded-index MMF, which
performs a stable three-dimensional, non-contact, posi-
tion-adjustable optical trap. The experimental results
show that, when the solid angle of the MMF probe is
56°, the MMF optical tweezers can three-dimensionally
trap a yeast cell without contact and perform the axial
reciprocating motion in the range of 0-8.6 pm by changing
the radial offset between the lead-in SMF and MMF from
0 to 10 pm. Due to the simple fabricating method, low test-
ing cost, and two manipulating functionalities, the MMF
optical tweezers have the potential to be applied to diverse
research fields, such as biomedicine, micromanipulation,
chemistry, and others.

This work was supported by the National Natural
Science Foundation of China (Nos. 11574061, 61405043,
and 61675053), the 111 Project (No. B13015), and the
Fundamental Research Funds for Harbin Engineering
University of China.

References
1. A. Ashkin, J. Dziedzic, J. Bjorkholm, and S. Chu, Opt. Let. 11, 288
(1986).
2. K. C. Neuman and S. M. Block, Rev. Sci. Instrum. 75, 2787 (2004).
3. R. Omori, T. Kobayashi, and A. Suzuki, Opt. Lett. 22, 816 (1997).
. Helfer, S. Harlepp, L. Bourdieu, J. Robert, F. C. MacKintosh, and
D. Chatenay, Phys. Rev. Lett. 85, 457 (2000).
D. Braun and A. Libchaber, Phys. Rev. Lett. 89, 188103 (2002).
6. D. Lin, Z. Zheng, Q. Wang, H. Huang, Z. Huang, Y. Yu, S. Qiu,
C
Y

=~
=

. Wen, M. Cheng, and S. Feng, Opt. Express 24, 24750 (2016).
. Gong, Q. Liu, C. Zhang, Y. Wu, Y. Rao, and G. Peng, IEEE
Photon. Technol. Lett. 27, 2508 (2015).
8. Y. Gong, Q. Liu, C. Zhang, Y. Wu, Y. Rao, and G. Peng, J. Light-
wave Technol. 35, 2156 (2017).
9. X. Peng, C. Chen, B. Chen, Y. Peng, M. Zhou, X. Yang, and
D. Deng, Chin. Opt. Lett. 14, 011405 (2016).
10. A. Constable, J. Kim, J. Mervis, F. Zarinetchi, and M. Prentiss, Opt.
Lett. 18, 1867 (1993).

11

12

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

053501-5

. M. Ikeda, K. Tanaka, M. Kittaka, M. Tanaka, and T. Shohata, Opt.
Commun. 239, 103 (2004).

. C. Jensen-McMullin, H. P. Lee, and E. R. Lyons, Opt. Express 13,

2634 (2005).

J. Guck, R. Ananthakrishnan, H. Mahmood, T. Moon, C.

Cunningham, and J. Kas, Biophys. J. 81, 767 (2001).

M. K. Kreysing, T. Kiebling, A. Fritsch, C. Dietrich, J. R. Guck, and

J. A. Kas, Opt. Express. 16, 16984 (2008).

N. Bellini, K. C. Vishnubhatla, F. Bragheri, L. Ferrara, P. Minzioni,

R. Ramponi, I. Cristiani, and R. Osellame, Opt. Express 18, 4679

(2010).

T. Yang, F. Bragheri, and P. Minzioni, Micromachines 7, 90 (2016).

Z.Liu, C. Guo, J. Yang, and L. Yuan, Opt. Express 14, 12510 (2006).

S. K. Mohanty, K. S. Mohanty, and M. W. Berns, J. Biomed. Opt.

13, 054049 (2008).

L. Yuan, Z. Liu, J. Yang, and C. Guan, Opt. Express 16, 4559 (2008).

Y. Zhang, Z. Liu, J. Yang, and L. Yuan, J. Lightwave Technol. 30,

1487 (2012).

C. Liberale, P. Minzioni, F. Bragheri, F. D. Angelis, E. D. Fabrizio,

and 1. Cristiani, Nat. Photon. 1, 723 (2007).

C. Liberale, G. Cojoc, F. Bragheri, P. Minzioni, G. Perozziello,

R. LaRocca, L. Ferrara, V. Rajamanickam, E. Di Fabrizio, and

I. Cristiani, Sci. Rep. 3, 1258 (2013).

Z. Liu, L. Wang, P. Liang, Y. Zhang, J. Yang, and L. Yuan, Opt.

Lett. 38, 2617 (2013).

Z. Liu, J. Lei, Y. Zhang, X. Tang, Y. Zhang, E. Zhao, J. Yang, and

L. Yuan, J. Opt. Soc. Am. B 33, 1881 (2016).

Y. Gong, A-Y. Ye, Y. Wu, Y.-J. Rao, Y. Yao, and S. Xiao, Opt.

Express 21, 16181 (2013).

Y. Gong, W. Huang, Q. Liu, Y. Wu, Y. Rao, G. Peng, J. Liang, and

K. Zhang, Opt. Express 22, 25267 (2014).

Y. Gong, C. Zhang, Q. Liu, Y. Wu, H. Wu, Y. Rao, and G. Peng,

Opt. Express 23, 3762 (2015).

C. Zhang, Y. Gong, Q. Liu, Y. Wu, Y. Rao, and G. Peng, IEEE Pho-

ton. Technol. Lett. 28, 256 (2016).

Y. Zhang, T. Wang, Z. Liu, Y. Zhang, X. Tang, E. Zhao, X. Yang,

H. Jiang, J. Zhang, J. Yang, and L. Yuan, Chin. Opt. Lett. 15,

061402 (2017).

C. P. Tsekrekos, R. W. Smink, B. P. de Hon, A. G. Tijhuis, and

A. M. Koonen, Opt. Express 15, 3656 (2007).

B. Beauvoit, H. Liu, K. Kang, P. D. Kaplan, M. Miwa, and

B. Chance, Cell Biophys. 23, 91 (1993).



