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Trapping and Sorting Micro-Nano Particles
in a Dynamic Optical Sieve

Jian Chen, Dongmei Liu ", Jian Qiu

Abstract—We propose a novel strategy for optical trapping and
sorting of micro-nano particles that does not involve the flow
of the immersion medium. The method employs the size- and
velocity-dependent response of suspended polystyrene particles to
the optical sieve of a dynamic fringelike pattern generated by a
spatial light modulator. We not only experimentally demonstrate
the trapping and transport of polystyrene particles with 2 pm
diameter, but also study the sorting of a polydisperse suspension
of polystyrene beads with diameters of 0.8 and 2 psm. The results
provide new insights into particle manipulation and separation,
and reveal that there is still scope for sorting smaller particles based
on dynamic optical sieve.

Index Terms—Dynamic optical sieve, optical micromanipula-
tion, spatial light modulator, fringe-like optical field.

1. INTRODUCTION

RECISE manipulation of micro- and nano-objects has been
P attracting increasing attention in recent years, particularly
because of the increasing number of applications, such as
nanofabrication [1], [2], disease diagnostics [3], [4], drug
delivery [5], [6], and bioanalysis [7], [8], [9]. However, current
micromanipulation methods are generally limited by their
efficiency and throughput. For example, the single-beam optical
trap, which consists of a single Gaussian beam focused by a
high-numerical-aperture objective, can only trap one or a few
particles in aqueous solution at a time. Many efforts have been
made to overcome these constraints. Several approaches have
been developed to produce complex patterns [10], assembled
arrays [11], modulated structures [12], [13], self-driven
micro-bots [14], [15], and artificial cilia [16], [17], [18].
These approaches use many diverse technologies including
hydrodynamic, magnetic, optical, acoustic, and electrical fields.
In the field of optics, the micromanipulation mainly relies on the
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momentum carried by laser beam, which interacts with matter
and yields a force to influence the motion of small objects. The
first attempt to manipulate microscopic particles can be traced
back to the study conducted by Ashkin [19] in 1970, in which
the Author proved that micrometer-sized dielectric particles
can be trapped by two counter-propagating beams. Since then,
investigations of optical micromanipulation and its applications
in biomedicine, chemistry, and physics have become an active
research area.

Recently, an optical potential energy landscape was proposed
to trap multiple particles at a time. However, the optical potential
fields are mainly generated through optical diffractive elements
[20], [21] that may require high-end process technology. Fur-
thermore, one-dimensional lattices or interference patterns have
been proposed to sort particles in the absence of microfluidic
flow [22], [23], [24]. But to the best of our knowledge, few
experiments using dynamically optical landscapes have been
reported [25], [26]. In most of these researches, the performance
of the generated optical landscape, such as its pattern, size,
and moving velocity, are fixed in the devices. The few tunable
methods require certain complicated mechanisms, such as the
interference of multi-beams [27], [28], [29].

II. BASIC PRINCIPLE

In this study, we demonstrate an optical micromanipulation
system, i.e., dynamic optical sieve, to achieve flexibility and
high throughput by exploiting the sizes and velocities of the
optical landscapes generated from a spatial light modulator
(SLM). Our system does not require microfluidic flow, but
implements fringe patterns moving with a tunable size and
velocity. The basic physics behind this experiment is schemati-
cally illustrated in Fig. 1(a). Shaped by the Gaussian beam, the
intensity profile of fringe optical field follows the function of
I(z,y) = 255 cos?ZEexp[—2(2? + y2)? Jw?], where A is the
spatial size of the fringe, P is the input power of the laser, and
wo is the beam waist of the laser. The bright fringe produces
localized intensity gradient forces that can draw the particles
toward the focus in this optical field. These forces stably capture
particles of a given size, such as the particle A in Fig. 1(a),
which is bound to the center of bright fringes. Correspondingly,
the particle B cannot be trapped by the bright stripes and would
continue to present Brownian motion in the solution. If the fringe
field is given a velocity, the trapped particle A will move along
with the bright stripes. Therefore, the moving stripe optical field
can be used to realize the separation of particles A and B. This
phenomenon is similar to a dynamic optical sieve, where the
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Fig. 1. Manipulation principle of dynamic optical sieve (a), the red stripes,
white stripes and yellow lines represent the bright stripes, dark stripes and
Gaussian beam profile, respectively. The optical forces of two polystyrene
particles with diameters of 0.8 and 2 pm in x direction (b), y direction (c),
and z direction (z), respectively. The laser power is 40 mW and the spatial size
of fringe is 3 pm.

particles of a given size can be continuously swept to one place,
but the particles of other sizes will escape from it. Moreover, we
can further adjust the separating speed of particles by changing
the moving speed of the optical sieve.

Besides, we theoretically calculated the optical forces of
particles of different sizes in our fringe optical field. According
to the generalized Lorenz-Mie theory [30], [31] in the interaction
of light and matter, it is assumed that the polystyrene sphere is
located on the point (xg, yg) of mid-plane (z = 0) of the sample
cell, the localized gradient force [32] generated by fringe optical
field is given by (1), shown at bottom of this page.

Where n,, is the refractive index of the polystyrene particle, r
is the radius of the particles, and c is the speed of light in vacuum.
R and T are the reflectance and transmittance coefficients. 6; and
@ are the polar and azimuthal angles in spherical coordinates,
respectively, while the transmitted angle is denoted by 6,,.

Except for gradient force F., the trapped particles also expe-
rienced the scattering force in z direction, which can be written
as

I 8 k42m2712nm I )
scat — g 7T( T) T (mQ—H) T X (:177y) ( )

Where m = n,,/n; is the effective index, n; is the refractive
of the aqueous solution, k = QT” is the wave vector, and A is
the wavelength of input laser. We chose polystyrene spheres
with diameters of 0.8 and 2 pm in the theoretical calculation.
The incident laser power was 40 mW, the beam waist radius
was 40 pm, and the size of fringes was 3 pum. The refractive
of aqueous solution is n; = 1.33. As is shown in Fig. 1(b),
the gradient forces in x direction change periodically with the
particle position (black and blue lines). For 2-pm and 0.8-pm
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Fig. 2. Schematic of experimental setup for optical trapping and sorting of
particles in dynamic fringes optical field: Laser, semiconductor laser with a
wavelength of 638 nm; CBS, cube beam splitter; SLM, spatial light modulator,
L1, L2, L3, lenses; M1, M2, M3, mirrors; MO, micro-objective; S, sample cell;
CCD, charge coupled device; LED, light emitting diode; F, filter.

polystyrene particles, the calculations yield the optical force of
2.5pNand 0.4 pN, respectively. Therefore, the bright fringes can
easily trap the 2-pm particles, but the restraint effect on 0.8-pm
particles is weak.

As mentioned above, the trapped particles also experienced
the optical force from y and z directions. According to (1) and
(2), we calculated the optical forces in y and z directions. In
comparison with the scattering force Fl.,¢, the gradient force
F. can be negligible for the trapped particles. Fig. 1(c) and
1(d) show the gradient force Fy and scattering force Flcqs,
respectively. From Fig. 1(b) to Fig. 1(d), we notice that that the
intensity gradient force in x direction (2.5 pN for 2-um particle)
is much larger than those in other two directions (0.1 pN in y
direction and 0.4 pN in z direction), which is a strong evidence
of trapping ability of optical sieve. As we expected, when the
bright fringes move at a given velocity, which will push 2-uym
particles get together, while the movement of 0.8-um particles
is almost unaffected. Compared with the 2-pum particles, the
Brownian motion of 0.8-um particles is more intense, which
requires greater force to be trapped. We thus expect the dynamic
fringelike field to drive larger particles to one place and realize
the separation of 2-pm and 0.8-pm particles at the laser power
of 40 mW, which is also consistent with our experimental results
(see Fig. 5).

III. EXPERIMENTAL SETUP

Different from our previous study on diffusion of Brownian
particles [33], the particle manipulating setup is schematically
shown in Fig. 2. A phase-only spatial light modulator (SLM)
(HOLOEYE, GAEA-VIS-069) to imprint computer-generated
holograms on a laser beam (semiconductor laser, 0638
L-11A-NI-NT-NF) at a vacuum wavelength of 638 nm. The
modulated beam is retransmitted to an objective lens (Nikon
Plan Apo, 40x, with a numerical aperture of 0.65) that focuses
it onto the intended optical trapping pattern. A beam splitter
transmits the laser light to the target’s input pupil, while

2 71'/2 27 N 2 _ ) N 2 .
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Fig. 3. Optical trapping of polystyrene spheres by using fringe optical field
with the size of A = 3 pum. (a) Generation of dynamic fringe optical field
with different sizes and velocities by using spatial light modulator. The arrow
indicates the movement direction of the fringes. (b) Trapping of polystyrene
spheres with 2 sm in diameter. The laser power is 40 mW, and the scale bar is
10 pm.
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Fig. 4. Transport of polystyrene spheres with 2 pm diameter, using the
dynamic fringe optical field with a velocity of v = 1. 5 pm/s and the maximum
delivery distance of up to 6.88 um. (a) t =0, (b) t =3.6s; (c) t =5.6's;
(d) t = 7 s, the white dotted line is used as a reference.
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Fig. 5. Sorting of polystyrene spheres with diameters of 0.8 and 2 pm using
the dynamic fringes that have a size A = 3 pum and velocity v = 1.5 pum/s.
Frames (a)-(d) show sorting of two sizes of particles at different times (a) t; =0
s; (b) tg = 12's; (¢) tg3 = 16.8 s and (d) t4 = 25 s. x-axis represents the moving
direction of fringes, and the two dots in the red frame are background dust from
the CCD.

allowing images at other wavelengths to pass through to a video
camera (Norpix FR180, 2048 x 1088, >165 samples/s, pixels
with a size of 5.5 x 5.5 pum?). Thereafter, the fringe optical
traps were projected into an aqueous dispersion of colloidal
polystyrene spheres sealed into a 300-um-thick gap between a
glass microscope slide and a glass coverslip. To manipulate the
polystyrene spheres accurately, the sample cell was placed on a
translation stage in the experiment. A white LED (GCI-060411,
440-670 nm, 1 W) was used to illuminate the sample cell. To
ensure the quality of the images, a bandpass filter was placed
in front of the charge-coupled device (CCD) camera.

IV. RESULTS AND DISCUSSION
A. Optical Trapping

To generate a dynamic fringe optical field with tunable sizes
and velocities, we use a spatial light modulator (SLM) to shape
a Gaussian beam with the polarization parallel to the x-axis.
Using a customized MATLAB control program, the periodic
fringe phase masks were designed and loaded onto the SLM
sequentially. As indicated in Fig. 3(a), the generated dynamic
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fringe field predicts the same patterns as depicted in Fig. 1(a)
by using the theoretical parameters. By focusing on the MO
lens, we can obtain a bright fringe trap with a size of 3 ym. The
effective region of the optical field is also a Gaussian profile with
a beam waist of 40 um (Fig. 3(a)). In addition, the fringe optical
traps can move with a tunable speed along the x-axis, as shown
by the white arrow in Fig. 3(a).

To ensure appropriate sorting performance, we begin by ob-
serving the trapping of polystyrene particles using this fringe
optical field. In our experiments, a sample cell (0.3-mm-thick
along the optical axis z) with a rectangular section was filled
with an aqueous suspension of polystyrene beads, each 2 ym in
diameter. The temperature was maintained at 25°C for all the
particle suspensions. To neglect the effect of interactions among
individual particles, 1% concentration by weight fraction was
ensured. A characteristic optical trapping pattern is presented in
Fig. 3(b), representing several chain-like structures in the bright
fringe regions with a laser power of 40 mW and a stripe size
of 3 um. Because of the stronger intensity-gradient force, the
polystyrene particles are closely arranged in the center of the
laser beam. These chain-like structures are stable and will not
collapse as long as the existence of the optical sieve. Fig. 4
shows the directional movement of polystyrene particles, which
also clearly presents the stability of the trapped particles within
7 s. Since the particles can be stably trapped by fringe optical
field, there is almost no displacement in the x-y plane in the
center of the optical field. In contrast, in the marginal area, the
particles are less ordered, as shown in Fig. 3(b).

B. Farticles Directional Movement

Next, we investigated the transport behavior of polystyrene
particles based on a dynamic fringe optical field with a laser
power of 40 mW. As shown in Fig. 4(a), polystyrene particles
with 2 um diameter were first trapped by bright fringe patterns
with a spatial size of 3 pm. The white dotted line represents the
initial position of the trapped particles (Fig. 4(a)). We subse-
quently set the fringes to move along the x-axis at a speed of
1.5 pm/s. Fig. 4(b) shows that the dynamic fringe traps propel the
polystyrene particles to leave the initial point and move along the
x-axis when the observation time is 3.6 s. When the observation
time was further increased to t = 5.6 s, the delivery distance
increased (Fig. 4(c)). In the present scheme, the largest delivery
distance with 2-um polystyrene particles reaches 6.88 pm at
t = 7 s (Fig. 4(d)) that is much longer than that of a single
optical tweezer (1.5-2.4 ym [34]). It should be noted that limited
by the range of effective optical field, the transport distance of
particles is shorter than the displacement of fringe (i.e., ~10 um
from 1.5 ym/s x 7 s). In our experiment, the transport distance
can be flexibly controlled by changing the power of laser beam
and the velocities of fringe. In addition, the polystyrene particles
present an ordered arrangement in the region of effective optical
field, as observed based on the experimental data (Fig. 4(a)—(d)).
Thus, we can use the designed dynamic optical field to assemble
and manipulate multiple particles in suspension solutions.

C. Optical Sorting

The sorting capabilities of our method are demonstrated in
Fig. 5, where the bright fringe with a velocity of 1.5 pm/s is
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used to show the separation of the polystyrene particles with
0.8 and 2 pum diameter. To obtain an appropriate performance,
the concentration of the mixture was ensured as 0.1% by weight
fraction. As indicated in Fig. 5(a)—(d), the dynamic fringe field
behaves similar to an optical sieve that can trap particles with
2 pm diameter and sweep them toward the x-axis, to sort the
particles of different sizes in our experiment. The final separation
of the particles with diameters of 0.8 and 2 pm was observed at
ty = 25 s (Fig. 5(d)), where the larger particles were localized
away from the x-axis. Further, at certain observation time points,
the motion of the 2-um particles is found to result from the
movement of the fringe optical traps. Initially (Fig. 5(a)), the two
polystyrene particles are mixed together, and the larger particles
are trapped by the bright fringes. At certain observation time
instants (e.g., t = 12 s, as shown in Fig. 5(b)), the dynamic
fringes propel the larger particles (2 pm in diameter), moving
them away from the x-axis. In contrast, the small particles with a
diameter of 0.8 xim still exhibit Brownian motion in the opposite
direction of the moving fringe. To further examine the particle
sorting ability, we chose another dynamic fringe optical field
with a size of 3.9 ym at a speed of 2 um/s. The input laser was
operated at a power of 40 mW.

V. CONCLUSION

In summary, we have demonstrated a flexible method for
optical trapping and sorting of micro—nano particles in a dy-
namic fringe optical field that does not involve microfluidic
flow. Dynamic modulation of the velocity and size of fringe-like
patterns provides an easy approach to control the motion of
multiple particles with high flexibility in a mixture suspension.
This method could be used to analyze particles of a given size
or refractive index by tuning the optimum control parameters,
such as velocity or size of the fringes and incident power of
the laser. In addition, our sorting strategy can also be used for
metal particles, e.g., Ag nanoparticles. Therefore, the dynamic
optical sieve presents a flexible approach for optical sorting of
multiple particles that provides a promising means for precise
micro-nanoparticle sorting and delivery in a biological system
and enables simultaneous selection of size-specified nanoparti-
cles for optical manipulation at the multiple-particle level.
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