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ABSTRACT We show that dual line optical tweezers provides a convenient and dy-
namically reconfigurable approach for trapping and transport of low refractive index
microscopic particles. By varying the spacing between the two line tweezers, par-
ticles of varying sizes could be trapped. Further, simultaneous rotation of the dual line
tweezers could be used for controlled rotation of the trapped low-index particles. The
transverse trapping force and the efficiency of the trap measured along the direction
perpendicular to the line tweezers are in very good agreement with the theoretically

estimated value.

PACS 07.60.-j; 87.80.Cc; 87.80.Fe

1 Introduction

The three-dimensional gradi-
ent force optical tweezers demonstrated
by Ashkin et al. in 1986 has proven to
be very useful tool for the manipulation
of microscopic objects having refractive
index higher than that of the surround-
ing medium (high index particle) [1].
Such a tweezers, however, cannot be
used for trapping microscopic particles
of refractive index lower than that of
the surrounding medium (low index par-
ticles), because these get repelled away
from the regions of the highest intensity.
Low index particles such as bubbles are
of considerable interest for their poten-
tial application in the field of biology
and medicine. For example, recently en-
hancement of cell permeability caused
by localized cell damage induced by
the asymmetric collapse of a bubble has
been used for drug delivery and trans-
fection of genes into the living cells [2].
Since the cavitation damage by a col-
lapsing bubble depends on its relative
separation from the surface, an ability

to trap and manipulate low index par-
ticles [3] may enhance the understand-
ing of bubble dynamics and optimize the
extent of cell damage caused by bub-
bles. Similarly low index particles are
also finding use as contrast agents [4],
and for selective destruction of cancer
cells [5]. One basic approach for trap-
ping low index particles is to generate
a region of lower intensity, surrounded
by a higher intensity region. Several
methods are being explored for this pur-
pose, including (i) scanning a Gaussian
intensity profile beam [6] in a circu-
lar path to generate a region of lower
intensity, surrounded by a higher inten-
sity region, (ii) use the optical vortex
beams [7-10] or (iii) interference pat-
tern [11]. While the scanning method
is a bit complex in nature, with the use
of on-axis vortex beam rotation of the
trapped particles is difficult. The use of
an off-axis vortex beam [12] and higher
order Bessel beams [13] can overcome
this difficulty. The use of a high order
Bessel beam offers the advantage that
the low index particle trapped in the
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dark fringe region can also be rotated by
transfer of orbital angular momentum
from the Bessel beam [13]. However,
higher order Bessel beam approach suf-
fers from the drawback of low through-
put (since the laser power is distributed
in the multiple rings).

In this paper we show that dual
line optical tweezers provides a conve-
nient and dynamically reconfigurable
approach for trapping and transport
of low refractive index microscopic
particles. This configuration, although
similar in nature to that of interference
pattern [11], offers two important ad-
vantages. First, in contrast with inter-
ference pattern, the spacing between
the two high intensity regions can be
changed independent of the width of the
high intensity region. Second here all
the laser beam power is distributed in
only two high intensity regions whereas
for interference pattern, the laser power
is usually distributed in several high in-
tensity regions. Therefore, this method
can be used for efficient trapping of
objects of varying sizes and can be ex-
pected to yield reasonable transverse
trapping efficiency even for larger sep-
aration between the high intensity re-
gions required for trapping larger size
objects. Our measurements on the trans-
verse trapping efficiency are consis-
tent with these expectations. Results on
controlled rotation of the trapped low-
index particles by simultaneous rota-
tion of the dual line tweezers are also
presented.

2 Materials and method

The experimental setup
(Fig. 1a) consists of a zero order
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FIGURE 1
neutral density filters; MO: 100X Plan Neofluor phase objective; RCL1-2: rotating cylindrical lens; TL:
spherical tube lens; HAL: halogen lamp; DBS: dichroic beam splitter; CF: IR cut-off filter (CF). (b) Sim-
ultaneous rotation of focused line profiles (a to ¢) by rotating the cylindrical lenses. All images are in
same magnification. Scale bar: 15 pm. (¢) YZ cross-section of the simulated dual line tweezers profile
showing the trapping configuration for low index particle in Y and Z directions

Hermite-Gaussian (TEMgy) mode out-
put of continuous-wave (cw) Nd:YAG
laser (1064 nm; Solid State Laser Divi-
sion, RRCAT) expanded using a beam
expander (BE). The beam was split into
two paths using a beam splitter (BS1)
and neutral density filters (NDF) were
inserted in one path to make the inten-
sity of the two beams nearly equal. For
generating elliptical profiles with high
throughput, a cylindrical lens was used.
The two beams were then combined
using another beam splitter (BS2) and
coupled to a 100X Plan Neofluor phase
objective (MO) (N.A. = 1.3) through the
base port of the microscope (Axiovert
135 TV, Carl Zeiss). The cylindrical
lenses (RCL1 & 2) and the spherical
tube lens (TL) of the microscope colli-
mate the combined beam. The two laser
beams were focused to elliptical spots
in the specimen plane of MO and were
separated by a spacing of few microm-
eters, by carefully tilting M1 and BS2.
The two cylindrical lenses could be ro-
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(a) Schematic of the experimental set up. BE: beam expander; BS1-2: beam splitters; NDF:

tated around the axis of the trap beam
to cause rotation of the elliptic spots
(Fig. 1b).

The motion of trapped object was
recorded on a videocassette using
a VCR. These images were digitized
using a frame grabber and computer,
and processed using software developed
on LabView platform. The laser beam
power at the back aperture of the ob-
jective was monitored with a power
meter (Coherent Inc., USA). The low-
index particle system consists of an
emulsion of water droplets (n, = 1.33,
0p = 1.00 g/mL) in acetophenone (ng =
1.53, oo = 1.02g/mL). The solution
was shaken vigorously to form an emul-
sion of spherical droplets ranging in
diameter from ~ 50 um down to a few
pm. The spacing between the line tweez-
ers was adjusted in the range of 4—-30 pm
to trap particles having diameter in this
range. For trapping more particles in
a line, the dimensions of the line traps
were extended up to 40 pm.

3 Result and discussion
31 Theoretical simulation
of trapping force

The transverse profile of the
z-axis directed laser beam could be ex-
pressed as

P
I(x’ Y Z) - 7TW1 W2

2
xexp<—2<xWx0>
1

ey

where P is the power of the beam, W)
and W, are beam width in the X and
Y directions respectively. In Fig. Ic, we
show the YZ cross-section of the simu-
lated dual line tweezers profile. While
the repulsive gradient force of the two
line tweezers leads to the trapping of
low index particle in Y-direction (mi-
nor axis of the line tweezers), trapping
in Z direction is achieved by the void
created by the overlap of the two diverg-
ing tweezers beam along Z-direction.
The latter is also illustrated in Fig. 1c.
Following the ray optics approach [14],
we calculated forces on the low index
particle positioned at different distances
along the Y-direction from the single
line tweezers for line tweezers having
beam waist ~ 8.0 um and ~ 0.4 um at
the focal plane in the X, Y direction re-
spectively. The result is shown in panel
‘a’ of Fig. 2a. For these calculations the
beam waist centre of the line tweezers
was taken as origin. The repelling force
on the low index (n = 1.33) sphere of
radius 7.5 pm suspended in a medium
with higher refractive index (n = 1.53)
is zero when the sphere is symmetri-
cally located with respect to the cen-
ter of the line tweezers. This, of course,
is an unstable position as there will be
equal and opposite repelling forces on
the sphere. However, when such a par-
ticle is placed between two line tweezers
such that it interacts with both, it will ex-
perience oppositely directed repulsive
force from the two line tweezers. The
particle will, thus, experience a restor-
ing force towards the mid point of the
two line tweezers. The calculated resul-
tant forces due to the two line tweezers
separated by different distances in Y di-
rection are shown in Fig. 2a (panels b to
d). For separation larger than the diam-
eter of the particle, the particle located
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FIGURE 2 (a) Simulated force profiles vs. position of the low-index particle (radius: 7.5 um) in single line tweezers (panel a) and in dual line tweezers
(panels b, ¢, and d). The tweezers are separated by 13 um, 16 um and 27 pm in panel b, ¢, and d respectively. The force profile due to the individual line
tweezers is shown by dotted curves (1 and 2) and the resultant force due to the dual line tweezers is shown by solid curve (3). The double-sided arrow in
panel d shows the interaction free region between the dual line tweezers. (b) The experimentally measured (square symbols) and the theoretically calculated
trapping force (solid line) on a low-index particle (radius ~ 7.5 pum) as a function of the trapping beam power. The separation between the two line tweezers
was ~ 16 wm. The standard deviation around mean, calculated from three measurements is also shown
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(the flat region shown by double sided
arrow in panel d of Fig. 2a) between the
two-line tweezers may not interact with
the trap beam and hence will not expe-
rience any restoring force. The restoring
force is maximum when the separation
is close to the size of the object. The es-
timates for the resultant force on the par-
ticle are consistent with this expectation
and reach a maximum value for separa-
tion of ~ 16 wm. The maximum restor-
ing force was estimated to be ~ 34 pN at
trapping beam power of 60 mW.

3.2 Measurement

of trapping efficiency

The escape force method was
used to determine the trapping effi-
ciency (Q) which is related to trap-
ping force Fy,p by the relation, Fi.p =
QP/(c/n,). Here, P is the incident laser
power, ¢ the speed of light and n, is
the refractive index of the surrounding
medium (here, 1.53) in which the ob-
ject s trapped. In order to determine the
trapping efficiency in transverse plane
(Qtransverse) We trapped a low-refractive
index object between low intensity re-
gions of the dual line tweezers (shown in
Fig. 1c). The object was then subjected
to a viscous drag by moving the speci-
men stage and the critical velocity of the
stage, v. at which the particle gets re-
moved from the trap, was determined.
The Stokes’ law Fyrag = 67r1rv was used
to estimate drag force and equating Fy,,
corresponding to the critical velocity
t0 Firap, Ouansverse €an be determined in
terms of v, and P.

Using this method, the transverse
trapping force Fy,p along Y direction
(perpendicular to the line tweezers) was
determined, for a 15 um diameter par-
ticle having refractive index 1.33, as
a function of the trapping beam pow-
ers. The separation between the two
line tweezers was ~ 16 um. In Fig. 2b
we show the experimentally measured
trapping force along with the theoret-
ically estimated value. The two are in
very good agreement. The trapping ef-
ficiency along the Y direction estimated
from the measured transverse trapping
forces was found to be ~ 0.11+£0.02. It
is also pertinent to emphasize here that
the measured transverse trapping effi-
ciency is an order of magnitude higher
compared to trapping efficiencies re-
ported (~ 0.01) for the vortex beam [9]

under similar conditions (particle size:
10 wm). The large value for transverse
trapping efficiency primarily arises due
to the fact that for the line tweezers the
minor axis of the elliptical focus is much
narrower than the width of the high in-
tensity ring of vortex trap beam.

33 Transportation of low index
particles

Figure 3 shows time-lapse
digitized video images of trapping and
transportation of low-index sphere. By
translating the specimen stage, we trans-

ported the sphere trapped between two
separated line tweezers (shown as
straight lines) in the direction marked
by arrows in panels’ b to c. The sphere
could also be moved up (panel d) in
axial direction by translation of external
cylindrical lens. As the particle diameter
was ~ 20 wm, the spacing between line
tweezers was kept ~ 20 pm.

34 Controlled rotation of low
index particles

Figure 4 shows time-lapse
digitized video images of controlled ro-

FIGURE 3 Time-lapse digitized video images of trapping and transportation of low-index sphere. By
translation of the specimen stage, the sphere trapped between two separated line tweezers (shown as
straight lines in panel a) was transported in the direction marked by arrows in panel b and ¢. The sphere
could also be moved up (panel d) in Z direction by movement of external cylindrical lens. All images

are in same magnification. Scale bar: 10 pm

FIGURE 4 Time lapse digitized video images of controlled rotation of low-index spheres using ro-
tating dual line tweezers. The trapped sphere assembly between two separated line tweezers (shown as
straight arrows) was rotated continuously in anticlockwise direction (marked by curved arrows) in pan-
els a to d by simultaneous rotation of the cylindrical lenses. All images are in same magnification. Scale

bar: 5 um
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tation of low-index spheres using rotat-
ing dual line tweezers. Here, since the
chosen particles were having diameter
between 4 to 6 um, the spacing between
line tweezers was kept at ~ 6 um on
one end and ~ 4 pum in the other end
by tilting one of the cylindrical lenses
at an small angle with respect to the
other. The trapped sphere assembly be-
tween the two separated line tweezers
(shown as straight arrows) was rotated
continuously in anticlockwise direction
(marked by curved arrows) in panels a to
d by simultaneous rotation of the cylin-
drical lenses. Both the speed and the
direction could be easily controlled by
the control on rotation of the cylindri-
cal lenses. With a total power of 60 mW
in both the beams, rotation speed of
up to 40rpm could be achieved. This
implies that the optical torque is able
to overcome the viscous drag torque
(t = 8mnriw, where o is the angular
velocity) of ~ 2.0+ 0.3 pNum. This is
considerably higher than that achieved
by transfer of orbital angular momen-
tum from a high order Bessel beam [13],
where a particle of similar size (~ 6 um)
and relative refractive index (1.00/1.33)
could be rotated at speeds only up to
~ 6 rpm at laser power of 600 mW. This

can be attributed primarily to the fact
that the total power is distributed in
the 40 rings of the Bessel beam at the
focus.

4 Conclusion

To conclude, we have demon-
strated the use of dual line tweezers
for trapping of low refractive index mi-
croscopic particles of varying sizes.
Further, the trapped objects could also
be rotated by simultaneous rotation
of the dual line tweezers. The meas-
ured value of transverse trapping ef-
ficiency of dual line tweezers is in
very good agreement with the theor-
etically estimated value. Apart from
large trapping efficiency, which is im-
portant for trapping and orientation of
sub micrometers objects, the dual line
tweezers can also be used to simul-
taneously trap high index (in the high
intensity regions [15]) and low index
particles.
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