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Optical levitation and translation of a microscopic
particle by use of multiple beams generated by
vertical-cavity surface-emitting laser array sources
Yusuke Ogura, Nobuhiro Shirai, and Jun Tanida

An optical levitation and translation method for a microscopic particle by use of the resultant force
induced by multiple light beams is studied. We show dependence of the radiation pressure force on the
illuminating distribution by numerical calculation, and we find that the strongest axial force is obtained
by a specific spacing period of illuminating beams. Extending the optical manipulation technique by
means of vertical-cavity surface-emitting laser 共VCSEL兲 array sources 关Appl. Opt. 40, 5430 共2001兲兴, we
are the first, to our knowledge, to demonstrate levitation of a particle and its translation while levitated
by using a VCSEL array. The vertical position of the target particle can be controlled in a range of a few
tens of micrometers with an accuracy of 2 m or less. The analytical and experimental results suggest
that use of multiple beams is an effective method to levitate a particle with low total illumination power.
Some issues on the manipulation method that uses multiple beams are discussed. © 2002 Optical
Society of America
OCIS codes: 140.7010, 250.7260, 140.3290, 120.4640, 350.4990.

1. Introduction

Illumination of a light wave onto an object induces
radiation pressure, and the object receives piconewton order of force.1 Manipulation techniques of the
object based on the radiation pressure force are called
optical trapping 共optical tweezers兲, and these techniques are applied to a wide variety of fields such as
manipulation of biological cells,2,3 measurement of
piconewton force,4 synthesis of a new macromolecule,5 and operation of an optical spin micromotor.6
Flexible control of the interaction between the illumination light and the target object is essential for
optical manipulation of the object, and therefore generation of an appropriate light field is an important
issue. Interferometric intensity fields, high-order
laser modes, and intrinsic properties of the light such
as polarization are effective means to achieve that
purpose. An interferometric fringe generated by
two or more beams enables us to translate hollow
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glasses7 and arrange particles regularly.8 Using the
high-order-mode beam, we can trap low-index particles9 and rotate a particle.10 Interaction between
the particle and a beam with phase singularity yields
momentum transfer, and then the particle rotates.11
The birefringent particles are aligned or spun depending on the polarization of the light.12
Temporal modulation of a single light beam is also
an effective way to extend the functionality of the
optical manipulation technique. Good examples of
temporal modulation methods include arbitrary arrangement of microparticles with fast beam scanning,13 nonmechanical manipulation of a particle by
use of a Fresnel zone plate displayed on a spatial light
modulator,14 and multifunctional manipulation with
selective use of computer-generated holograms to
control light distribution.15 The effectiveness of the
spatial and temporal modulations of light in the optical manipulation technique is beyond doubt. However, because a single light source is employed,
external devices must be used to generate the desired
illuminating distribution. In addition, the functionality of the optical manipulation system tends to be
restricted by the hardware configuration.
We have presented an optical manipulation
method that uses vertical-cavity surface-emitting laser 共VCSEL兲 array sources, called VCSEL array trapping.16 Because various light distributions can be
generated by control of the spatial and temporal
20 September 2002 兾 Vol. 41, No. 27 兾 APPLIED OPTICS
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emissions, VCSEL array trapping is useful for flexible and parallel manipulation of multiple objects with
compact hardware and a simple control method. In
a previous paper16 we verified the simultaneous
translation of multiple particles and the nonmechanical translation of a particle. However, manipulation
was restricted in a two-dimensional plane owing to
the low emission power of the individual VCSELs.
To overcome this problem, we attempt to levitate
and translate a particle while it is levitated by using
the resultant force induced by multiple beams of the
VCSEL array sources. Because the total illumination power increases and various illuminating distributions are selected, we can control levitation height
and translate the particle while maintaining levitation without mechanical movements. The purpose
of this study is twofold: numerical analysis of the
radiation pressure force associated with the illuminating distribution and experimental verification of
the capability of VCSEL array trapping for levitation
and translation of microscopic particles. In Section
2 the resultant force induced by multiple beams is
calculated with a ray optics model in order to investigate the dependence of the radiation pressure force
on the illuminating distribution. In Section 3 we
apply the VCSEL array trapping technique to the
levitation of a microscopic particle and its translation
while levitated, and the vertical positioning range
and accuracy are evaluated. To clarify the features
of the method, we measure the minimum power
needed to levitate the particle for various illuminating distributions. In Section 4 we discuss features
and issues related to manipulation that use multiple
beams.
2. Numerical Calculation of Radiation Pressure Force

The calculation method of radiation pressure force by
Gauthier and Wallace,17 which is based on a ray optics model, is extended to obtain the resultant force
induced by multiple beams. The calculation model
combined with the coordinate system used is shown
in Fig. 1. A target particle is a dielectric spherical
bead that is illuminated by multiple beams from below. The particle receives gravitational force toward the ⫺z direction. Whenever a light beam
reaches the surface of the particle, it reflects and
refracts according to the reflection law and Snell’s
law. The particle is assumed not to absorb the light.
When the momentum of a photon is changed by
reflection or refraction, that of the target particle is
also changed to preserve the total momentum on the
basis of the theorem of conservation of momentum.
The momentum change of the single photon is expressed by ⌬P. When the light beam, whose intensity distribution is Iinc共x, y, z兲, is incident on the
particle, the force, F, that the particle receives is
expressed by

F⫽
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Fig. 1. Model and the coordinate system used for numerical calculation. 共a兲 Incident beams and 共b兲 propagation path of a photon.
The dielectric particle is illuminated by multiple beams from below. The calculated radiation pressure force is resolved into axial
and transverse forces.

S is the surface of the lower half of the particle, and
⌬E is the energy of the single photon expressed by
⌬E ⫽

hc
,
0

(2)

where h is Planck’s constant and 0 and c are the
wavelength and velocity of the light in vacuum, respectively. F is resolved into x, y, and z components
and expressed as F ⫽ 共Fx, Fy, Fz兲. In this paper 共0,
0, Fz兲 and 共Fx, Fy, 0兲 are called the axial and the
transverse forces, respectively.
When the central coordinate of the beam waist is
共Xc, Yc, 0兲, the intensity distribution of a Gaussian
beam is expressed by
I Gauss共 x, y, z; X c, Y c兲
⫽

再

冎

2P Gauss
⫺2关共 x ⫺ X c兲 2 ⫹ 共 y ⫺ Y c兲 2兴
,
2 exp
W z
W z2

(3)

where

冉

Wz ⫽ W0 1 ⫹

z0 ⫽

W 02
.
0

z2
z 02

冊

1兾2

,

(4)

(5)

PGauss is the total power of the beam, W0 is the radius
of the beam waist, and z is the axial distance from the
beam waist. We assume that illumination Imulti共x,
y, z兲 is composed of N mutually incoherent Gaussian

Fig. 2. Illuminating distributions assumed in numerical calculation. 共a兲 1 beam, 共b兲 2 ⫻ 2 beams, 共c兲 3 ⫻ 3 beams, and 共d兲 4 ⫻ 4
beams. Individual beams focus at z ⫽ 0.

beams whose central coordinates of the beam waists
are 共X1, Y1, 0兲, 共X2, Y2, 0兲, . . . , 共XN, YN, 0兲; then
N

I multi共 x, y, z兲 ⫽

兺

I Gauss共 x, y, z; X c, Y c兲.

(6)

c⫽1

The radiation pressure force is calculated by Eq. 共1兲
with substitution of Imulti by Iinc.
A set of the illuminating distributions used in the
calculation is shown in Fig. 2. The number of the
beams associated with the emitting pixels are 1, 2 ⫻
2, 3 ⫻ 3, and 4 ⫻ 4. The radiation pressure force is
calculated with the following parameters: Wavelength 0 is 850 nm, the illumination power is 1 mW兾
pixel, and refraction indices of the particle and the
medium 共water兲 are 1.60 and 1.333, respectively.
W0 and the spacing period of the beams are normalized by the radius of the particle rs and expressed by
rs. The axial position z of the particle is expressed
by a parameter ␣ as
z ⫽ ␣z 0.

(7)

In the calculation, we use W0 ⫽ 0.26rs and a beamspacing period of 0.75rs 共the design value for our
experimental system兲.
The relationship between the particle position and
the axial force is shown in Fig. 3. This figure displays the force on the plane at z ⫽ 0, 1.25 z0, 2.50 z0,
and 5.00 z0. The strengths of the forces are normalized by the maximum force for individual illuminating distribution and are shown as eight-bit gray-scale
images. The maximum axial forces for individual z
are summarized in Table 1. The force that the particle in the first quadrant receives is shown in Fig. 3.
Owing to the symmetry of the illuminating distribution, the forces in the other quadrants are obtained by
rotation of the images in every right angle. The direction of the axial force is usually the ⫹z direction.
As seen from Fig. 3, the axial force changes drastically depending on the particle position for z ⫽ 0.
The position at which the particle receives the maximum force is distant from the origin. However, for
z ⫽ 5.00z0, the axial force decreases as the particle
moves away from the origin owing to the beam defocus. The particle receives the maximum force at the
origin. The maximum force increases with increasing number of beams and decreases for larger z.
Figure 4 shows the dependence of the axial force on
z when the particle moves along the z axis. The
axial force takes the maximum value at a specific z,
which depends on the illuminating distribution, and

decreases with increasing z. When z ⱕ 2.56z0, the
axial force induced by 3 ⫻ 3 beams is stronger than
that induced by 4 ⫻ 4 beams at the same z. This
shows that an increase in the beam number does not
always contribute to the generation of a stronger axial force.
The levitation height is determined as the equilibrium position between the gravitational force and the
axial force. The gravitational force Fg is expressed
by
F g ⫽ 43 r s3共 s ⫺  0兲 g,

(8)

where s is the density of the particle, 0 is the density
of the medium, rs is the radius of the particle, and g
is the gravitational constant. With the conditions
s ⫽ 1.05 g兾cm3, 0 ⫽ 1.00 g兾cm3, and rs ⫽ 5 m, Fg
is figured out as 0.256 pN. Table 2 shows the levitation height for different optical powers. For the
same total power, the height decreases with an increasing number of beams. When the power of the
beam is 1 mW兾pixel, a particle 10 m in diameter
cannot be levitated by a single beam but can be levitated by use of multiple beams. This result suggests that we can control the levitation height by
switching the illuminating distribution.
Figure 5 shows the dependence of the transverse
force on the particle position. This figure is shown
in the same fashion as Fig. 3, with arrows to represent the direction of the force. The maximum forces
for individual z are summarized in Table 3. We also
show, in Fig. 6, the transverse force when the particle
moves along 共a兲 the x axis and 共b兲 y ⫽ x, z ⫽ 0. Like
the axial force, the transverse force intricately varies
according to the particle position because the elemental force induced by the individual beams turns in
various directions. As a result, the force is not proportional to the number of beams. For the illuminating distribution used in the calculation, the
maximum force induced by multiple beams is approximately twice that of a single beam when z ⫽ 0. The
force pushing the target particle outside is obtained
by illumination of 4 ⫻ 4 beams for small x and y. For
this case, the particle is located at a position distant
from the center in the transverse direction.
As seen from Fig. 5, the area in which the particle
moves to the origin by the transverse force increases
with larger z. However, we cannot avoid a decrease
in the transverse force for larger z. The dependence
of the maximum transverse force on z when the particle is translated toward the ⫹x direction is shown in
Fig. 7. According to Stokes law, translation velocity
v can be associated with transverse force Ftrans and is
expressed by
F trans ⫽ 6r s v,

(9)

where  is the viscosity of the medium. When a
particle with rs ⫽ 5 m is illuminated by 2 ⫻ 2 beams
with a spacing period of 3.75 m, the dependence of
the levitation height and maximum transverse velocity toward the ⫹x direction on the total optical power
is as shown in Fig. 8. It can be seen that, for exam20 September 2002 兾 Vol. 41, No. 27 兾 APPLIED OPTICS
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Fig. 3. Relationship between the particle position and the axial force under W0 ⫽ 0.26rs and beam-spacing period 0.75rs. 共a兲 1 beam,
共b兲 2 ⫻ 2 beams, 共c兲 3 ⫻ 3 beams, and 共d兲 4 ⫻ 4 beams. The particle position 共x, y兲 is normalized by rs. The maximum forces are 共a兲 0.688
pN, 共b兲 1.503 pN, 共c兲 3.482 pN, and 共d兲 3.483 pN, by which the the strengths of the forces are normalized and shown as eight-bit gray-scale
images.

Table 1. Calculation Results of the Maximum Axial Force on za

Maximum Axial Force 共pN兲
z共⫻z0兲

Number of
Beams

0

1.25

2.50

5.00

1
2⫻2
3⫻3
4⫻4

0.688
1.503
3.482
3.483

0.493
1.258
3.195
3.219

0.331
1.093
2.491
2.820

0.244
0.916
1.749
2.391

W0 ⫽ 0.26rs, and the beam-spacing period is 0.75rs.

a
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Fig. 4. Dependence of the axial force on z when the particle moves
along the z axis. The axial displacement z is normalized by z0.

Table 2. Calculation Result of the Levitation Height for Different Total
Illumination Powersa

Table 3. Calculation Result of the Maximum Transverse Force on za

Maximum Transverse Force 共pN兲

Levitation Height 共m兲
Number of
Beams
1
2⫻2
3⫻3
4⫻4

Total Illumination Power 共mW兲
1
2
3
4
⫻
24
18
⫻

60
57
51
41

77
75
71
64

91
89
86
81

The symbol ⫻ indicates that the particle could not be levitated.
rs ⫽ 5 m, W0 ⫽ 1.3 m, and the beam-spacing period is 3.75 m.
a

z共⫻z0兲

Number of
Beams

0

1.25

2.50

5.00

1
2⫻2
3⫻3
4⫻4

1.781
3.323
3.367
3.372

1.387
2.749
2.767
2.766

0.930
2.077
2.430
2.482

0.365
1.062
1.518
1.700

W0 ⫽ 0.26rs, and the beam-spacing period is 0.75rs.

a

Fig. 5. Relationship between the transverse force and the particle position under W0 ⫽ 0.26rs and beam-spacing period 0.75rs. 共a兲 1
beam, 共b兲 2 ⫻ 2 beams, 共c兲 3 ⫻ 3 beams, and 共d兲 4 ⫻ 4 beams. The particle position 共x, y兲 is normalized by rs. The maximum forces are 共a兲
1.781, 共b兲 3.323, 共c兲 3.367, and 共d兲 3.372 pN, by which the strengths of the forces are normalized and shown as eight-bit gray-scale images.
20 September 2002 兾 Vol. 41, No. 27 兾 APPLIED OPTICS
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Fig. 6. Dependence of the transverse force on the particle position
when the particle moves along 共a兲 the x axis and 共b兲 y ⫽ x, z ⫽ 0.
The transverse displacement is normalized by rs.

ple, the velocity at a height of 40 m is approximately
half that at a height of 20 m. This means that it is
more difficult to quickly translate a particle that has
a higher levitation. However, if this deceleration is
acceptable, we can translate a particle with a levitation height between z ⫽ 20 m and 40 m.
The dependence of the radiation pressure force on
the spacing period of the illuminating beams was also
investigated. Figure 9 shows 共a兲 the maximum axial
force when the particle moves along the z axis and 共b兲
the maximum transverse force when the particle
moves along the x axis for individual spacing periods.

Fig. 9. Dependence of the radiation pressure force on the spacing
period of the illuminating beams. 共a兲 Maximum axial force when
the particle moves along the z axis and 共b兲 maximum transverse
force when the particle moves along the x axis. W0 ⫽ 0.26rs, and
the spacing period is varied from 0 to 1.60rs at 0.02rs intervals.

The spacing period is changed from 0 to 1.60rs at
0.02rs intervals.
The transverse force decreases as the spacing period of the beams increases because the forces induced by the individual beams interfere with each
other in a wide spacing period. In addition, when
the spacing period is in the range of 0.70rs to 1.54rs,
the transverse force induced by 2 ⫻ 2 beams is

Fig. 7. Dependence of the maximum transverse force on z when
the particle moves toward the ⫹x direction. The axial displacement z is normalized by z0.

Fig. 8. Dependence of the levitation height and the translation
velocity toward the ⫹x direction on the total optical power. The
illuminating distribution is 2 ⫻ 2 beams with a spacing period of
3.75 m and W0 ⫽ 1.3 m. The radius of the particle is 5 m.
5650
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Fig. 10. Experimental setup. 60⫻ 共OBJ #1兲 and 100⫻ 共OBJ #2兲
objective lens are selectively used as the focusing lens of the VCSELs. The lower side of the sample stage is the manipulation
system, and the upper side of the sample stage is the observation
system. A microlens array is located just behind the VCSEL array to increase light efficiency. The sample chamber can be observed by a CCD and captured by a video recorder. The focusing
plane of the observation system is changed when the objective lens
of the observation system is moved. D兾A, digital to analog.

distance objective lens 关Objective 共OBJ兲 #1: Olympus, LUMPlan Fl 60⫻ W兾IR, and OBJ #2:
Olympus, LUMPlan Fl 100⫻ W兲 are selectively used
for beam focusing. When the VCSEL array pixels
are focused on the sample plane, the measured spot
radius, the beam-spacing periods, and the intensities
at the plane are 1.3 m, 3.75 m, and 1.1 mW兾pixel
for OBJ #1 and 1.1 m, 2.25 m and 0.7 mW兾pixel for
OBJ #2.
We experimentally verified the capability of the
VCSEL array trapping technique for optical levitation and nonmechanical translation with levitation.
OBJ #1 was used in this experiment. As shown in
Fig. 11, 16 pixels in the VCSEL array were used for
translation, and these pixels were turned on and off
sequentially.
Figure 12 shows the experimental result of the
particle levitation and translation. The target particle and its initial position are indicated by a circle
and a dot, respectively. During particle manipulation, the objective lens of the observation system was
vertically moved to focus on different planes. The
procedure for particle manipulation is as follows.
Fig. 11. 共a兲 VCSELs used in the experiment for levitation and
translation of the particle and 共b兲 an emission sequence for nonmechanical manipulation. The illuminating distribution is
switched manually while the target particle is observed. The averaged illumination power of the 2 ⫻ 2 beams is approximately 3.5
mW.

slightly stronger than that induced by 3 ⫻ 3 beams.
In contrast, the axial forces for all the illuminating
distributions take the maximum values when the
outermost beams of the illumination are located at
the boundary of the particle. An explanation for this
result is that the momentum transfer of the light
incident onto the boundary of the particle is stronger
than that onto the center of the particle.18 This is an
interesting feature of optical manipulation that uses
multiple beams because it suggests the capability of
highly efficient manipulation and flexible control of
the object through the appropriate selection of the
beam-spacing period. Consequently, the spacing period of the illuminating beams is an important parameter for control of the radiation pressure force.
3. Experimental Results

Figure 10 shows the experimental setup, which is
composed of a manipulation system and an observation system. The VCSEL array 共NTT Photonics
Laboratory; wavelength of 854 nm ⫾ 5 nm, maximum
output of more than 3 mW, aperture of 15 m in
diameter, and pixel period of 250 m兲 has 8 ⫻ 8
pixels, whose emission intensities are controlled by
driver circuits of our own composition connected to a
personal computer. The target object is a polystyrene particle 10 m in diameter 共Polysciences, Inc.;
Polybead polystyrene microspheres: refractive index of 1.60 and density of 1.05 g兾ml兲, which is dispersed in water sandwiched between a glass slide and
a cover glass. Two water-immersion long-working-

Fig. 12. Experimental result for levitation of the particle and its
translation with levitation. The focus of the observation system is
moved to observe different planes. The target particle and its
initial position are indicated by a circle and a dot, respectively.
1–3: The particle is levitated. 4 –5: The particle is translated
downward then toward the right. 6 –7: The particle falls down
on the glass slide.
20 September 2002 兾 Vol. 41, No. 27 兾 APPLIED OPTICS
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1. The target particle is captured by 2 ⫻ 2 beams.
The observation system focuses on the top surface of
the glass slide.
2. The particle is levitated and goes out of focus.
3. The observation system focuses on the target
particle. The other particles go out of focus.
4. The particle is translated downward when the
emitting pixels are switched.
5. The particle is translated toward the right.
6. All pixels are turned off to release the particle.
The target particle goes out of focus because it falls
down on the glass slide.
7. The observation system focuses on the top surface of the glass slide.
The pass length of the translated particle is approximately 26 m, whereas the other particles move up
to 10 m owing to Brownian motion. This experimental result demonstrates that we can 共1兲 levitate
the particle and 共2兲 translate the particle while maintaining levitation height by using VCSEL array
sources. Note that no mechanical equipment is required for these manipulations.
We can control the vertical position of the particle
by moving the beam focus vertically, relative to the
sample chamber. We verified this control method by
moving the sample stage vertically. Changing the
illumination power is another method of controlling
the position of the particle. Although the transverse
force varies according to the levitation height, it is
useful in achieving nonmechanical translation.
To verify this control method, we measured the
dependence of the vertical position of the particle on
the illuminating power. OBJ #1 was used as the
focusing lens. We used the illuminating distributions shown in Fig. 2共b兲 with a spacing period of 3.75
m. Figure 13 shows the relationship between the
illumination power and the vertical particle position.
The error bar is the standard deviation of three measurements. The particle moves higher with stronger illumination power. The positioning range is
restricted by the maximum power of illumination.
With the experimental system, the particle was
translated vertically within a range of a few tens of

Fig. 13. Dependence of the vertical position of the particle on the
total illumination power. The error bar is the standard deviation
of three measurements, and the data points are fitted by the line.
The illuminating distribution is 2 ⫻ 2 beams with a spacing period
of 3.75 m. The radius of the particle is approximately 5 m.
5652
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micrometers by control of the power. The minimum
difference between the positions for adjacent sampled
illumination power used in the experiment and the
standard deviation is 2 m. From these findings, we
concluded that vertical-positioning accuracy in this
setup was 2 m or less.
To illustrate the features of the manipulation
method that uses multiple beams, we measured the
illumination powers required to levitate the particle
for various spacing periods. The optical power required for levitation does not always take the minimum value when the particle is located at the focal
plane of the illuminating beams. Therefore we measured the required power under two conditions as
follows: 共i兲 We focused the beams at the top surface
of the glass slide and increased the power until the
target particle is levitated and then measured the
power. 共ii兲 We illuminated the particle with a specific power and focused the beams at various planes.
If the particle was levitated, the power was measured; if not, we increased the power step by step.
The illuminating distribution is shown in Fig. 2共b兲 for
beam-spacing periods of 2.25, 3.75, 4.50, 6.75, and
7.50 m. OBJ #1 is used for spacing periods of 3.75
and 7.50 m, and OBJ #2 is used for the spacing
periods of 2.25, 4.50, and 6.75 m.
The relationship between the spacing period of the
beams and the power required for levitation is shown
in Fig. 14. The curves are the calculation results of
the power required to overcome the gravitational
force by use of OBJ #1, and the squares and circles
show the experimental results. The error bar is the
standard deviation of five measurements. Even if
the target particle cannot be levitated by condition 共i兲
共the spacing periods of 2.25, 6.75, and 7.50 m兲, it can
be lifted by use of condition 共ii兲. As seen from Fig.
14, the power depends on the spacing period of the
illuminating beams. For a wide spacing period, we
can achieve levitation with lower power. This point
is predicted by the calculation, though the experi-

Fig. 14. Dependence of the power required for levitation on the
beam-spacing period. Curves, calculation results; squares and
circles, experimental results. The illuminating distribution is 2 ⫻
2 beams. For spacing periods of 2.25, 6.75, and 7.50 m, the
particle could not be levitated under condition 共i兲.

mentally measured power does not exactly agree with
the calculation result.
The particle is initially in contact with the surface
of the glass slide. Therefore a force stronger than
adhesion force and gravitational force is required to
levitate the particle from the surface. For example,
the adhesion force between a polystyrene particle 0.8
m in diameter and the glass substrate in a 10-mM
potassium nitrate 共KNO3兲 solution was estimated as
0.2 pN.19 Because the adhesion force depends on the
reaction system, we do not know the exact adhesion
force of our system. However, it is thought that the
difference between the measured and the calculated
power is caused by the adhesion force. Other possible reasons for this difference are the multimode
characteristics of the VCSELs and the instability of
the particle position in the transverse direction.
4. Discussion

The total illumination power of 4 ⫻ 4 beams is 16
times stronger than that of a single beam. From the
numerical calculation shown in Fig. 9共a兲, when the
particle is illuminated by 4 ⫻ 4 beams with a 0.52rs
spacing period, the axial force increases to be approximately 25 times stronger than that of a single beam.
This means that, with the same illumination power,
we can obtain stronger radiation pressure force by
using multiple beams with the appropriate spacing
period. This feature is useful for avoiding the damage to a sample, such as a biological cell, caused by
strong illumination power.
In the experiment shown in Fig. 14, the particle
could not be levitated under condition 共i兲 with spacing
periods of 2.25, 6.75, and 7.50 m. For the 2.25-m
spacing period, shortage of power was the reason, as
predicted by numerical calculation. For wide spacing periods of 6.75 and 7.50 m, a particular beam
traps the particle, so that cooperative illumination is
not utilized in these cases. By displacement of the
focus of the illumination beams along the z direction
关condition 共ii兲兴, this problem can be avoided; because
individual beams spread and overlap when defocused, all the beams function cooperatively.
The calculation and the experimental results clarify that the spacing period of the beams at the sample
plane is one of the important parameters for determining the performance of the presented method.
Spacing periods suitable for target objects and concrete applications should be selected carefully because the axial and the transverse forces exhibit
different behaviors according to the spacing period.
The resolution limit of an optical system is typically 1
m, so the most effective spacing period of the illuminating beams is 0.5 m according to the sampling
theorem. Use of array sources with a small array
pitch is a simple solution for achieving this spacing
period. An optical system that uses microoptics
combined with array sources is also a promising solution. For example, an off-axis type of microlens
array is useful for controlling the spacing period because the device provides beam deflection as well as
beam focusing with compact configuration.

Using the above spacing period, we can generate a
complex light field. However, the translation area is
sacrificed because the area is estimated as a product
of the beam-spacing period and the pixel number of
sources. When the beam-spacing period is 0.5 m
and the number of pixels is 8 ⫻ 8, the area in which
the particle can be manipulated is limited to 4 m ⫻
4 m. Therefore the number of controllable beams
as well as the spacing period is important. Fortunately, much effort is being made to increase the pixel
number of the VCSEL array. Making use of these
techniques and devices, a VCSEL array trapping system capable of manipulating multiple particles with
a submicrometer order of accuracy is expected to be
developed.
The particle size that can be manipulated is restricted by the beam-spacing period of multiple
beams. If the spacing period is wider than the particle size, the forces induced by the individual beams
do not work cooperatively, and we cannot capture and
translate the object. For the above reason, coupled
with the beam-spot size and emission power of the
VCSELs, it is thought that the particle size range to
which we can apply the presented method is within 1
to 10 m in diameter. However, it is not impossible
to manipulate nanometer-order objects indirectly.
In the molecular biology field, for example, the single
DNA is knotted, and the tension to be broken is measured by manipulating the beads attached to the
DNA.20 The potential of the VCSEL array trapping
for system miniaturization is attractive for microsystem technology such as lab-on-a-chip.21,22
5. Conclusion

We have presented analytical and experimental studies on optical levitation and translation of a microscopic object using multiple beams of a VCSEL array.
The radiation pressure force on the particle position
and the illuminating distribution was shown by numerical calculation. We found that the force
strongly depends on the spacing period. It is interesting to note that the strongest axial force is induced
by a specific spacing period of illuminating multiple
beams. We demonstrated that VCSEL array trapping is capable of levitating the particle and translating it while maintaining levitation height. The
vertical position of the particle could be controlled in
a range of a few tens of micrometers with an accuracy
of 2 m or less. The required power for levitation by
use of multiple beams was experimentally measured,
and the result showed the effectiveness of the method
in increasing the force with the same illumination
power. This is one of the advantages of the manipulation method for microscopic objects that uses simultaneous illumination of multiple beams based on
the VCSEL array trapping technique. Owing to its
capability of flexible manipulation of multiple objects
with compact hardware and a simple control method,
VCSEL array trapping should contribute to the exploration of new application fields of optical manipulation.
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