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S ince Ashkin’s pioneering work,1 optical 
trapping and manipulation have been 

of great interest to the optical community. 
Researchers have proposed many techniques 
for optically rotating trapped particles,2,3 but 
most relied on either mechanical instruments 
or phase-sensitive interference, which is 
susceptible to ambient perturbations. Recently, 
we demonstrated an approach for generating 
rotating intensity blades using the moiré 
technique.4 Our propeller-like beams can be 
generated with variable speed and direction 
of rotation without requiring mechanical 
movement or optical interference. Furthermore, 
they can achieve dynamic control of trapped 
microparticles and bacteria.5 

To create optical propelling beams from 
moiré fringes, we overlapped a simple straight-
line grating (by interfering two plane waves) 

and a spiral fork-type grating (by interfering 
a plane wave and a diverging vortex beam), 
for the example of topological charges m=3. 
After spatial filtering, the moiré patterns were 
successfully retrieved. The number of inten-
sity blades was determined by the topological 
charge of the vortex. 

When one moves the simple grating 
along the grating-vector direction, the moiré 
patterns can rotate clockwise or counter-
clockwise, depending on the direction of the 
grating’s movement and/or the sign of the 
vortex charge. The rotation speed of the moiré 
pattern is proportional to that of the grating 
motion. Even after tight focusing, the fine 
features of a three-blade pattern are preserved. 
With such well-resolved multi-blade intensity 
structures, we achieved in-plane stable optical 
trapping and controlled rotation of E. coli 

bacteria as well as polystyrene 
microbeads. 

We used a sample of 2-μm 
polystyrene beads suspended 
in water. As expected, a 
rotating beam with a certain 
number of blades would trap 
and rotate the corresponding 
number of particles by optical 
gradient forces. By reversing 
the rotating direction of the 
propelling beam, the rotation 
direction of the particles was 
also reversed. In principle, 
our technique can be imple-

mented with incoherent white-light sources, 
as we demonstrated multi-blade white-light 
propelling beams.5 OPN
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(a) Moiré pattern used to generate three-blade rotating 
beams by overlapping (b) a curved fork-type vortex grating 
(m=3) with (c) a straight-line grating. (d) Experimentally 
generated three-blade propelling beams after focusing 
the moiré pattern shown in (a). (e) Optical trapping and 
rotation of 2 μm polystyrene beads. (f) Optical rotation of an 
E. coli bacterium. In (f), rotation direction is reversed. White 
dashed lines indicate orientation of the bacterium; white 
arrows shows rotation direction.

Researchers

Peng Zhang
San Francisco State 
University, Calif., U.S.A., 
and currently with NSF 
Nanoscale Science and 
Engineering Center, 
University of California, 
Berkeley, U.S.A.

Daniel Hernandez, 
Drake Cannan, Yi Hu, 
Joseph C. Chen and 
Simon Huang
San Francisco State 
University, Calif., U.S.A.

Shima Fardad 
and Demetrios N. 
Christodoulides
CREOL, the University 
of Central Florida, Fla., 
U.S.A.

Zhigang Chen  
(zhigang@sfsu.edu)
San Francisco State 
University, Calif., U.S.A., 
and TEDA Applied 
Physics School,  
Nankai University, 
Tianjin, China

References

1.  A. Ashkin, Phys. Rev. 
Lett. 24, 156 (1970).

2. J. R. Moffitt et al. 
Annu. Rev. Biochem. 
77, 205 (2008).

3. L. Paterson et al. 
Science 292, 912 
(2001).

4. P. Zhang et al. Opt. 
Lett. 35, 3129 (2010).

5. P. Zhang et al. 
Biomed. Opt. Ex-
press 3, 1891 (2012).

Visit www.opnmagazine-digital.com to view 
the video that accompanies this article.

Rotating Beads and Bacteria with 
Moiré-Based Optical Tweezers
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molecules using non-covalent bonds can 

reveal exciting novel material properties 
and functionalities not achievable by their 
individual units. In particular, the microscopic 
organization of suitable containers that can 
accommodate molecular guests within their 
structure is a promising approach toward real-
izing materials with tailored functionalities.1

Complementary to chemical methods, 
holographic optical tweezers (HOT) enable an 
outstanding degree of control of the position 
and orientation of several building blocks at 
a single unit level.2 With HOT, it is relatively 
straightforward to construct even complex 
assemblies of functional building blocks that 
are reversible and dynamically reconfigu-
rable.3 For advanced applications, however, a 
robust production process with high through-
put is mandatory.

For this reason, we developed and dem-
onstrated an optical-tweezers assembly-line 
(OTAL) based on HOT and a sophisticated 
microfluidic system.4 HOT are ideally suited 
for trapping, selecting, moving, rotating and 
assembling individual building blocks with 
high precision. The microfluidic system is 
designed to provide a steady stream of suitable 
building blocks and to define the optimal 
chemical conditions for the supply and the 
construction site. The idea is to use several 
fluid flows in a low Reynolds number regime 
so they establish a laminar flow. Each fluid can 
be differently prepared to provide the optimal 
optical, physical and chemical conditions. 
Building blocks are typically selected in a feed-
ing line and can easily be transferred across 
the laminar border to other channels. While 
the demonstrated OTAL consists of two lines, 
additional ones can easily be added. 

With OTAL, it is possible to establish a 
very robust and versatile production process 

of functional microstructures and to construct 
structures with varying degrees of complexity, 
including 2-D highly structured monolayers 
and 3-D microtowers.4 The most striking 
experimental results, however, were achieved 
with dye-loaded zeolite L crystals, which have 
a high number of strictly parallel nanochan-
nels where suitable dye molecules can align in 
a regular way. Consequently, the fluorescence 
response of the loaded crystals is highly 
sensitive to the polarization properties of the 
excitation light. The geometrical arrangement 
of these functional building blocks can enable 
new functionalities. For example, the resulting 
intensity response does not only give an imme-
diate qualitative measure of the excitation light 
polarization state but it even can be evaluated 
quantitatively and thus serve as a microscopic 
polarization sensor.4 OPN
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Permanent functional structures of DXP-loaded zeolite L container particles, created with 
the optical-tweezers assembly-line. (Top) Switchable illumination pattern, realized with 
eight crystals aligned with angles of 0°, 45° and 90° within a 2-D structure. Using unpolar-
ized light or orthogonal states of linearly polarized light, one can switch the illumination 
pattern. (Bottom) Polarization wheel of 10 building blocks aligned on the circumference 
of a circle, sampling all angles within the plane with 10° steps. This allows quantitative 
measurement of the excitation light’s polarization state. (a) Unpolarized fluorescence 
excitation. (b) Horizontally polarized excitation. (c) Vertically polarized excitation.
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Creating Functional Microstructures with 
an Optical-Tweezers Assembly-Line
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Ubiquitous miniaturization requires an ever-
changing tool set for handling, controlling 

and manipulating on the micro- and nano-
scale. Light-based technologies like optical 
tweezers provide the contactless high-precision 
treatment needed for work done at these scales. 
Holographic optical tweezers (HOT) are used 
in hundreds of interdisciplinary applications, 
allowing researchers to move many dielectric 
particles and biological specimens in 3-D.

Classical optical tweezers confine matter in 
regions of high light intensity by counterbal-
ancing scattering and gradient forces. While 
they work best for transparent objects, the 
all-optical manipulation of absorbing particles 
remained a challenge. Their inherent absorp-
tion leads to a significantly increased scattering 
force that prohibits a stable 3-D trapping.

To address this challenge, researchers pro-
posed a concept using photophoretic forces to 
enable a confinement of absorbing matter in air.1 
The photophoretic force relies on light-induced 
thermal gradients and can be magnitudes larger 
than typical optical tweezer forces.2 Due to 
these thermal gradients, absorbing particles 
are repelled by regions of high light intensity 
and move towards lower light intensities. 
Consequently, the optimal light field for the 3-D 
confinement of these particles is a light cage (or 
bottle beam) that consists of a void surrounded 
by regions of higher intensity.3,4 In the past, 
hollow light cages were realized by speckle 
fields, moiré-techniques, diffractive optical 
elements or counter-propagating superposition 
of Laguerre-Gaussian beams. However, they 
lack the versatility, efficiency and flexibility 
that dynamic HOTs have.

We created multiple optical-bottle beams 
simultaneously and trapped absorbing particles 
in each one by using holographic phase-shaping 
techniques.5 As the bottle beams are realized 
with computer-generated holograms—displayed 

on a spatial light modulator—we can dynami-
cally reorganize the bottle beam configuration 
and independently shift trapped particles 
without moving mechanical components.

We observed the 3-D confinement with two 
perpendicular microscopes imaging the light 
scattered by the particles. The figure shows 
the hollow intensity distributions employed 
in our system as well as the stable trapping of 
multiple absorbing graphite flakes.

Our concept is based on the convolution of 
a single bottle shape with a pattern of distinct 
trapping sites. Since it uses the output of the 
well-explored prism and lenses algorithm, 
our method is computationally efficient 
and can be adapted to many bottle shapes. 
Moreover, existing HOT setups are easily 
adaptable to control absorbing particles using 
this approach, which will pave the way to a 
universal HOT tool for many particles on the 
micro- and nano-scale. OPN
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(a) Numerical simulation of a bottle beam intensity distribution. (b) Normalized intensity 
distribution of an experimentally generated bottle beam. (c) Simultaneous trapping of 
absorbing particles in multiple bottle beams. A stack of contour plots visualizes the 3-D 
intensity distribution of three bottle beams, side views show the light scattered by par-
ticles trapped in this configuration. 
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Dynamic Light Cages: Putting  
Absorbing Matter Behind Bars
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The all-optical trapping of microscopic par-
ticles has a range of practical applications 

in biology, physical chemistry and condensed 
matter physics.1 The optical tweezing of trans-
parent particles relies on counterbalancing 
the scattering and gradient force.1,2 However, 
absorbing particles in gaseous and liquid 
media are mainly affected by the photopho-
retic force that can exceed the scattering and 
gradient force by orders of magnitude.3 In 
most cases, the photophoretic force pushes the 
particles away from the regions of maximum 
light intensity, thus precluding optical trapping 
and manipulation with conventional Gaussian 
beams. Only recently, by employing hollow-
core vortex beams, has the very possibility of 
photophoretic trapping and guiding of light-
absorbing particles along the beam axis in air 
been demonstrated.3 

Here we present a drastically simple and 
robust optical system designed for manipula-
tion of airborne particles using the photo-
phoretic force. The setup includes a standard 
Gaussian beam focused with a plano-convex 
lens that uses spherical aberration for particle 
trapping.4 The focal volume of the lens consists 
of a series of low- or zero-intensity regions, 
each of which is surrounded by a cylindrical 
light wall and sealed by two axial intensity 
maxima (i.e., light plugs) at both ends. Each 
dark region constitutes an optical bottle where 
the particles can be trapped and then moved 
together with the light field.5 The photophoretic 
force dwarfs other optical forces and gravity, 
therefore allowing us to move the trapped 
particles along any trajectory using any orienta-
tion of the beam with respect to gravity. Hence, 
full translational and rotational control over 
the trapped particles on the macro scale in 3-D 
is achieved.

In our experiments, a CW laser beam  
(l = 532 nm) is first coupled to a single-mode 

optical fiber. Next, the light is collected 
and collimated with an objective (O1) and 
then focused in free space with a lens 
affected by spherical aberrations (L). The 
trapped particles are visualized using 
side illumination with a weak HeNe laser 
beam (l = 633 nm). Various microscopic 
objects, including agglomerates of carbon 
nanoparticles, nanotubes and solid graph-
ite particles, are trapped by floating them 
in air and then turning on the laser beam. 
The aberration-based 3-D–optical trap 
requires only 0.5 to 30 mW of laser power 
to relocate particles, even in the presence 
of air currents up to 50 cm/s. OPN
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 (a) The inset shows trapped particles. Red arrow indicates the HeNe beam. (b) Measured 
(circles) and predicted (line) axial light intensity distribution in the aberrated focus. Insets 
show theoretical and actual distributions. Arrow indicates beam propagation direction. 
(c) Carbon nanoparticles (red) inside the optical bottle. Opposite side views of the 3-D 
intensity distribution near the first axial intensity minimum (top). Side views of a second-
ary bottle corresponding to the 7th axial intensity minimum (bottom). The arrows indicate 
beam propagation direction. (d) Side view of trapped particle. (e) A robust bottle trap. 
(f-g) A particle is being placed into a capillary.
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Manipulating Airborne Particles  
with an Optical Bottle
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