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Optical tweezers with a low numerical aperture microscope objective is used to manipulate the microspheres
at the water-air interface. In this letter, we determine the optimal optical trap for the lateral manipulation
of microspheres at a water-air interface. The experimental results show that the trapping force is influenced
by the expansion of the trapping beam at the back aperture of the objective. The optimal filling ratio of
0.65 is suggested for lateral optical manipulation at the water-air interface. The lateral trapping forces
at the water-air interface are theoretically investigated with the ray-optics model. The numerical results
show that the lateral trapping forces can be changed by shrinking the diameter of the trapping laser beam.
The numerical results are in accordance with the experimental results.
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Optical tweezers!!] have various applications such as ma-
nipulation and sorting of small particles?~9. In most
of these applications, three-dimensional (3D) trapping
is always performed in a liquid environment. Further-
more, optical tweezers can be used to trap colloidal
particles at a liquid-liquid interfacel®®!) or a liquid-air
interface'?13.  In such applications, optical tweezers
should be optimized to reduce local heating and dimin-
ish the power of trapping laser, which causes a surface
tension variation at the surfacel'.

One of important parameters in the optimization of
optical tweezers is the filling factor W/ DI5=17 " in which
W and D are the beam spot diameter (the diameter
at which the intensity decreases to 1/e? of the central
value) and the diameter of the objective’s entrance aper-
ture, respectively. Samadi et al.'8! have shown that
W/D=0.67 provides the strongest lateral trap stiffness
for a micrometer-sized bead in the water. Meng et al.l'8],
suggested that a W/D of 0.6—0.72 is optimal for opti-
cal tweezers in force-measurement applications. Given
that 3D trapping requires mainly the axial confinement
of particles, a high numerical aperture (NA) objective
should be used in the optical tweezers setup. When par-
ticles are trapped at the water-air interface, the axial
optical force can be neglected because it is too small to
overcome the capillary force. However, analysis of the
optimized W/ D for optical manipulation at the liquid-air
interface has not yet been thoroughly investigated. In
this letter, we investigate the optimal W/D to improve
the optical trapping force at the water-air interface.

Our optical tweezers setup is based on an Olympus
IX70 inverted microscope, as sketched in Fig. 1. The mi-
croscope is a universal infinity corrected optical system.
A linearly polarized He-Ne laser with 35-mW output
power is used as the trapping laser source. This laser
beam is expanded by a beam expander (BE). The beam
diameter is controlled by different—sized holes (H). Lens
L1 (f = 250 mm) is placed after the hole and focuses the
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laser beam onto the conjugate point of the microscope
objective (Fig. 1) after the beam is reflected by mir-
rors M1 and M2. The laser beam is then directed into
the microscope, reflected upward with a dichroic mirror
(DM), and refocuses into a sample chamber after passing
through lens L2 (L2 is the tube lens inside the micro-
scope, f = 180 mm) and a microscope objective (MO;
60x, NA = 0.7, diameter of back entrance = 6 mm,
Olympus, Japan). The W values at the back aperture of
the objective are changed by adjusting the hole size. The
motion of particles are detected with a charge-coupled
device (CCD) camera. The sample stage is driven by
a 3D piezoelectronic transducer (PZT) (P-517.3CL, PI,
German). The drift of the objective is compensated by
adjusting the sample height axially using the PZT trans-
ducer.

The sample is a diluted suspension of 5-pum polymer
particles (Duke Scientific, 4205A, USA). The water-air
interface is prepared using a homemade, circular trough
with an inner diameter of 10 mm and height of 1 mm.
About 40 pL of diluted suspension is injected into the
trough and sealed with two coverslips. The height of
the water—air interface is about 500 pm, in which the
microscope objective can work.

Optical tweezers with a low NA objective are unable
to trap particles in water because the scattering force is
larger than the gradient force. In our experiment, the
particles in water are pushed to the water-air interface
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Fig. 1. Schematic of the experimental setup.
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by the scattering force. Upon reaching the interface,
the particles are located by surface tension. Thus, op-
tical tweezers can manipulate the particles at the two-
dimensional (2D) interface without stable axial optical
confinement. The particles at the focus center can be
tightly trapped when it is at the water—air interface. The
optical trapping of particles at the water—air interface is
shown in the Fig. 2. The trapped particle is stationary,
whereas the other particles are moved by the PZT trans-
ducer.

The stability of optical trapping at the interface is im-
portant to colloidal-interaction applications. The effect
of trapping stiffness on trapping depth can be neglected
because the trapping depth is so large in our experiment.
The main influence impactor is the thermal effect of the
laser at the interface. Accordingly, we investigate the
variation of optical force with time to check the stability
of optical trapping at the interface. The trapping force is
qualitative with critical escape velocity. The piezoelec-
tric transducer is driven by a triangle wave of variable
frequency and amplitude; hence, the trapped particle is
forced to move back and forth relative to the surrounding
liquid at constant speed. The viscous force that the parti-
cle endures can be quantitatively controlled by changing
the frequency and amplitude of the triangle wave. When
the drag force is large enough, the particle escapes from
the trap. The critical escape drag force can characterize
the maximal trapping force. The experimental results in
Fig. 3 show that the lateral optical force on the particles
at the interface is stable within 30 min. The symbols
in Fig. 3 indicate the average of five experimental mea-
surements for each time, whereas the error bars indicate
statistical errors.

We perform experiments with different beam diame-
ters (W) at back entrance of a microscope objective to
determine the optimal W/D for lateral trapping at the
water-air interface. The initial laser beam is expanded
up to 6 mm at the back aperture of the trapping micro-
scope. The beam diameter W is adjusted using a series
of circular holes with different diameters, and the laser
power is measured with a power meter (Labmaster, Co-
herent, USA).

The beam has a Gaussian intensity distribution at the
position of the exit pupil, and the I(r) at a distance r
from the beam axis can be given as

I(r) = Iyexp(—2r?/w3), (1)

where wg is the waist of the laser beam, and I is the
intensity at the center of the laser beam. The trans-
missivity T of holes for the power P is T = P/Piotal =
1—exp(—2a?/w?), where a is the radius of the hole. Thus,
the waist of beam w after the hole is

w = (—2a?/In(1 — T))'/2. (2)

The trapping force per laser power for different W/D
values is presented in Fig. 4. The symbols indicate the
average of five experimental measurements for each fill-
ing ratio, whereas the error bars are statistical errors
obtained from a single measurement. The open circles
represent the measurements of the particles at the in-
terface. The maximum lateral trapping force for the
particle in water is also presented in Fig. 4 for compar-
ison. Results show an optimal W/D = 0.65, at which

the strongest lateral trap appears. This value well agrees
with the value when the particles are immersed in wa-
ter. Generally, the trapping beam is always expanded
to overfill the back aperture of the trapping objective,
but previous study!*%18l has shown that the optimal lat-
eral trapping is not gained when the back aperture is
overfilled with the trapping laser. Our results confirm
these previous results. The experiment in this letter is
more intuitional because the particles are located at the
water-air interface and the influence of axial trapping
force is excluded.

We calculate the trapping forces on the particle at the
water-air interface using a ray-optics model with ray-
tracing methodology®1. In a typical procedure, the
incident beam is decomposed into individual rays, and
the effect of diffraction is neglected. The interactions
between a particle at the water-air interface and a single
ray are shown in Fig. 5(a). The coordinate is based on

Fig. 2. Optical trapping of a single 5-um polystyrene mi-
crosphere at the water—air interface. The white arrow indi-
cates fluid flow. “4” indicates the center of the optical trap.
Bar=10 pm.
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Fig. 3. Critical escape velocity versus time. The experiment
is performed within 30 min.
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Fig. 4. Maximal lateral optical force versus filling ratio. The
open circles represent the measurements of particles at the
interface. The filled squares represent the measurements of
particles in water.
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the focus of an objective lens, the z-axis is along the
beam axis, and the objective focus is set as the origin.
The unit vector w indicates an incident ray from the ob-
jective lens given by u = (sin 6 cos ¢, — sin 6 sin ¢, cos ),
where @ is the angle between the z-axis and incident ray,
and ¢ is the angle between the z-axis and the orthogo-
nal projection of u to the incident plane. At the point
of incidence Py, the incident ray is decomposed into two
rays: a transmitted ray and a reflected ray. The radia-
tion force caused by reflection and refraction at point Py
can be expressed as

nP(r)

(w1 — Riv1 — Thwn), (3)

where n is the refractive index of surrounding medium
determined by the location of point Py, R; and T are
the reflectivity and transmissivity at point Pj, respec-
tively; v1 and w; are the unit vector of the reflected and
refracted ray, respectively; c is the velocity of light in free
space; P(r) is the laser power at a distance r from the
beam axis. The refracted part of the ray Thiw; as a new
incident ray reaches the next point Py on the surface,
and the radiation force at Py can be similarly obtained
by Eq. (3). The reflected ray repeatedly reflects and re-
fracts at interaction points P; with losing intensity. The
radiation force for a single ray f is the summation of f;,
and the radiation force F' can be obtained by integrating
over f for all incident rays emitted from the objective
lens.

In our calculation, the refractive indices of the latex
particles, water, and air are 1.55, 1.33, and 1, respec-
tively, and the laser wavelength is 633 nm. The NA of
the microscope objective is 0.7. Given the surface ten-
sion, about two-thirds of the particle (by diameter) is
immersed in water, and the remaining one-third is in
airl?%l. The beam is assumed to have a Gaussian inten-
sity distribution at the position of the exit pupil. The
intensity of the s polarized component is equal to the in-
tensity of the p polarized component in this calculation.

We present the calculated results in terms of trapping
efficiency Q given by F = nPQ/c, where n is the refrac-
tive index of the surrounding medium (normalized by
refractive index of water in the calculation result). The
absolute value of @), on the particles at the interface is
larger than those in water when the filling ratio is the
same, as shown in Fig. 5(b). The refractive index of air
is smaller than that of water, so the total momentum
transferred from the laser beam to the particle increases,
which adds to the trapping forces at the interface.

The lateral components of trapping efficiency @, are
shown in Fig. 5(b). It can be seen that the absolute
value of ), increases with decreased filling ratio. When
the filling ratio is lower than 0.6, the diameter of the
laser beam is very small, and the lateral trapping forces
cannot be calculated with the ray optics model again.
The lateral trapping force can be neglected when the
laser beam is very small. We believe that an optimal fill-
ing ratio between 0 and 0.6 exists, and the experimental
results show that the optimal filling ratio is about 0.65 at
the interface. The difference in optimal filling ratio be-
tween the numerical simulation result and experimental
result can be due to the accuracy of ray—optics model.

In conclusion, we investigate the optimal lateral optical
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Fig. 5. Calculation of optical trapping forces on dielectric
spheres with the ray-optics model. (a) Geometry for calcu-
lating the optical trapping force exerted on a particle located
at a water-air interface by a single incident ray. (b) Lateral
trapping efficiency versus the lateral displacement from the
trapping center for different filling ratios.

trapping for the microspheres at the water—air inter-
face. The lateral optical forces versus the filling ratio
are obtained when the particles are at the water—air in-
terface. Experimental results show that the expansion
of the trapping beam at the back aperture of the ob-
jective influences the lateral trapping force. The lateral
trapping forces at the interface are also numerically in-
vestigated with the ray—optics model. The numerical
results are in accordance with the experimental results.
The optimal filling ratio of 0.65 is suggested for lateral
optical manipulation at the water—air interface according
to the experiment results. We believe that the results
are helpful in manipulating the particles and studying
the property of colloidal particles at liquid interfaces.
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