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Optical Pipeline: Trapping and 
Guiding of Airborne Particles 
Vladlen G. Shvedov, Andrei V. Rode, Yana Izdebskaya, Anton S. Desyatnikov,
Wieslaw Krolikowski and Yuri S. Kivshar

Optical manipulation of particles 
with lasers is an indispensable tool 

in many branches of science, from phys-
ics to biology and medicine.1 Optical 
tweezers, which apply radiation pressure 
on transparent particles in liquids, are 
leading tools in this fi eld. However, the 
effi  cient trapping of light-absorbing aero-
sol particles, such as air contaminants 
and novel nanostructured materials, rep-
resents a challenge because of dominat-
ing thermal or radiometric forces.2

When an incident light heats a surface 
of absorbing particle nonuniformly, gas 
molecules rebound off  the surface with 
diff erent velocities, thus creating an inte-
grated photophoretic force. For positive  
photophoresis, the absorbing particles are 
repelled from an intensity maximum, and 
stable trapping with Gaussian laser beams 
becomes impossible. Recently, we used 
two optical vortex beams3,4 and created 
a new type of a stable trap for controlling 
absorbing particles in open air. � e trap 
is formed between the focal planes of 
counterpropagating vortex beams. Opti-
cal vortices create a ring-shaped transverse 
intensity distribution, and the particles 
are trapped at the intensity minima. Con-
sequently, the heating of trapped particles 
is minimal, which is important for in situ 
studies of particle properties.

To illustrate photophoretic manipu-
lation of aerosols, we used clusters of 
carbon nanoparticles produced by a 
high-repetition-rate laser ablation with 
typical sizes between 0.1 and 10 µm as 
well as hollow glass spheres coated with a 
carbon layer to increase light absorption, 
with a typical size from 10 to 150 µm. 

By retaining only a single vortex beam, 
the trap can be converted into an optical 
pipeline5 for transporting particles over 
large distances in gases. We demonstrated 
the transport over 1.5 m, which is 1,000 
times larger than any spatial scale of typi-
cal trapping schemes. Moreover, by tilting 

the vortex beam, the trapped particles 
could be delivered to the desired remote 
spatial location with accuracy better than 
10 µm over a half-meter distance—which 
is like shooting a dime from 500 m. Fur-
ther, using spatially modulated beams, we 
could trap many particles simultaneously.

Our approach can be applied for 
touch-free transport of containers 

(a) Light scattered from trapped particle is visible in the center. (Inset) Glass microsphere 
suspended in the vortex beam. (b) Photophoretic trapping with two counterpropagating 
vortex beams; the imbalance of powers causes the particle to move to the right (left) if the 
left (right) beam becomes stronger; for equal powers, the particle sits in the center between 
focal planes. (c)  Light intensity distribution in the vortex pipeline. (d) Delivery system based 
on the vortex pipeline. The position of the vortex beam can be varied by tilting the mirror. 
(e) Image shows multiple trapping of some 1,000 carbon particles in a speckle beam.

(a) (c)

(d)

(e)

(b)

Input beam

Mirror

z
Target

±0.01 mm

500 mm100 mm

500 mm

holding gases, ultrapure or dangerous 
substances, viruses or living cells. � e 
dual-beam optical pipeline, in particular, 
allows such movement in opposite direc-
tions, acceleration up to several centi-
meters per second, or holding containers 
anywhere in the pipeline. � e method 
is well suited to many light-absorbing 
materials and ambient gases or liquids, 
and thus can be applied, in particular, in 
studies of various airborne particles. t
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(a) Photo of the treated silicon sample. (b) SEM image of parallel microgrooves with superim-
posed micro- and nanostructural features. (c) and (d) Snapshots of water running uphill on a 
vertically standing silicon sample with vertically oriented microgrooves.

S ilicon is the most widely used 
material for semiconductor devices, 

especially in integrated circuits used in 
microelectronics and computers. Cur-
rently, a bottleneck that limits computer 
speed is the overheating of the computer’s 
central processing unit (CPU). � erefore, 
the cooling of silicon is in the center stage 
for further increasing the speed of com-
puters. Liquid is one of the most eff ec-
tive coolants. However, the cooling ef-
fi ciency depends crucially on the wetting 
property of the surfaces to be cooled. 
Furthermore, silicon is also widely used 
in microfl uidics and lab-on-chip tech-
nologies. � erefore, the possibility of 
altering the surface-wetting property of 
silicon and enhancing its cooling eff ect 
is of paramount importance. 

In this work, by using high-intensity 
femtosecond laser pulses, we create a 
novel surface pattern that transforms a 
regular silicon surface to superwicking 
for water and other liquids.1 In a gravity-
defying way, water sprints vertically up-
hill along the structured silicon surface 
at an unprecedented velocity. 

To structure silicon surfaces, we use 
an amplifi ed Ti:sapphire laser system 
that generates 65-fs pulses at a maxi-
mum repetition rate of 1 kHz with a 
central wavelength of 800 nm. � e laser 
beam is horizontally polarized and fo-
cused normally onto the sample mount-
ed vertically on a translation stage. By 
scanning the silicon sample across the 
laser beam, we produce a 22-mm-long 
microgroove along the vertical direction. 
Next, the sample is shifted horizontally 
by 100 µm and another microgroove is 
produced. � is process is repeated to cre-
ate an extended array of parallel micro-
grooves of an area of 22 × 11 mm2. 

In a photo of the laser-treated silicon 
sample—shown in (a) of the fi gure—we 
notice a dramatic change of optical 
property of the structured sample, where 
the processed area appears pitch black. In 
the SEM image of the processed silicon 

surface (b), we can see that the treated 
surface has multiple parallel microgrooves 
with a period of 100 µm, corresponding to 
the horizontal step between vertical scan-
ning lines. � e microgrooves are covered 
with nano- and fi ne microstructures. � e 
nanostructures include nanoprotrusions 
and nanocavities, while fi ne microstruc-
tures include microcavities and microscale 
aggregates from nanoparticles that fuse 
onto each other and the silicon surface. 

When we stand the silicon sample 
vertically with the grooves pointing per-
pendicular to the table and place a pipette 
with a water droplet on the bottom of 
the groove area, the water immediately 
sprints vertically uphill against the gravi-

ty, as shown in (c) and (d) as well as in the 
supplementary video. � e water rapidly 
travels vertically uphill over a distance of 
20 mm in 0.8 s. 

Our study shows that the spreading 
dynamics on the processed surface area 
follows a square root of time dependence 
that is characteristic for capillary actions. 
Hence, the driving force that moves 
water vertically uphill on the treated 
surface has a capillary nature. 

� e extremely rapid self-propelling 
uphill motion of water indicates that 
the wicking force in our experiment 
is extremely strong, and we essentially 
transform a regular silicon surface to 
superwicking. � e unique wetting and 
wicking properties of our femtosecond 
laser-structured silicon may fi nd applica-
tions in optofl uidics, nano/microfl uidics, 
lab-on-chip technology, fl uidic microre-
actors, chemical and biological sensors, 
biomedicine, and heat-transfer systems for 
cooling devices such as computer CPUs, 
high-power light-emitting diode arrays, 
and exothermic chemical microreactors. t
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Optimizing Light-Matter Interaction 
on the BioPhotonics Workstation
A. Bañas, D. Palima, S. Tauro and  J. Glückstad

R esearchers’ ability to manipulate 
microscopic structures in three 

dimensions has given rise to new biologi-
cal applications.1 Microscopic scaff oldings 
that can be reassembled with multiple 
traps can simulate biological microen-
vironments.2 With microfabrication 
processes such as two-photon polymeriza-
tion, specially designed microscopic tools 
can be driven around biological samples 
for probing or sending stimulus. Similar 
to freely movable hand tools, 3-D control-
lable microtools can be used to trigger 
biological, chemical or mechanical reac-
tions in a localized and controlled manner.

For many years, the manipulation 
of microscopic particles has been done 
with laser traps made of strongly focused 
beams from high-numerical-aperture 
(NA) objectives. Such traps rely on light 
intensity gradients and are called optical 
tweezers. � e advent of computer ad-
dressable spatial light modulators enables 
a plurality of reconfi gurable traps capable 
of translating simple beadlike structures, 
and rotating structures with multiple 
handles. Since tweezer-based traps need 
high-intensity regions and high NAs, the 
range of motion in the axial direction is 
very limited. We overcome this limitation 
using a counterpropagating beam geom-
etry on our BioPhotonics Workstation.3

� e BioPhotonics Workstation 
features real-time reconfi gurable coun-
ter-propagating beam traps. Intensity 
patterns defi ning the optical traps are 
directly mapped into an addressable light-
shaping module, minimizing computa-
tional overhead. Axial manipulation can 
be achieved by balancing the intensity 
ratios of the counterpropagating beams. 
� is axial degree of freedom enables the 
fl ipping of planar microstructures and 
lifting puzzle pieces of reconfi gurable mi-
croenvironments. Furthermore, the use of 
low NA objectives allows a wide range of 
axial manipulation and more freedom on 
the sample containers. Hence, advanced 

microspectroscopic or multiphoton char-
acterization methods can be implemented 
independently in the side-geometry.4 
However, these advantages come with a 
price of having less intense light, which is 
less stable in holding particles in place.

Recently, we demonstrated dynamic 
axial stabilization of counterpropagat-
ing beam traps.5 Computer vision tracks 
axial positions of multiple particles for 
use in a feedback algorithm that adjusts 
the respective counterpropagating beam 

Snapshots from a video illustrating optical microassembly of recon� gurable micro-
environments using two-photon photopolymerized components. 
Images are from ref. 2; they were featured in Nature Photonics in June 2009. 
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pair intensities as needed. � is allows 
particles to be moved to, or held into, 
user-defi ned axial positions. Compared 
to the transverse trapping of optical 
tweezers, the axial feedback-stabilized 
counterpropagating optical traps in the 
BioPhotonics Workstation allow real-
time rapid 3-D repositioning of particles 
over a large working volume.

By controlling multiple traps in 3-D, 
we are able to manipulate more complex 
structures with six degrees of freedom. 
Since we use an adaptive approach, the 
same setup can be used to trap particles 
of diff erent sizes, overcoming the need 
for recalibrating the system. Manipula-
tion works even with particles that have 
changing geometries similar to dividing 
cell colonies. t
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Managing Hierarchical Supramolecular 
Organization with Holographic Tweezers
M. Woerdemann, A. Devaux, L. De Cola and C. Denz

H ierarchical supramolecular organiza-
tion may be key to designing novel, 

functional organic or inorganic materials 
with tailored properties that exploit the 
strong relationship between molecular 
arrangements and resulting macroscopic 
properties.1 In particular, the hierarchical 
organization of pre-ordered structures is 
one of the most promising approaches to 
bridging diff erent ordering scales—from 
the molecular to the macroscopic.

Microporous molecular sieves such 
as zeolites have proven to be ideal host 
materials to accommodate a wide range 
of guest molecules2 and thereby realize a 
fi rst level of organization. � e challenge 
is to create ordered assemblies of the host 
material after they are loaded with guest 
species, thus creating hierarchical supra-
molecular organization. � ere are several 
examples of relatively simple, large-scale 
organization of host materials with 
established chemical methods. So far, 
however, it has been almost impossible 
to achieve a higher degree of fi ne control 
on the level of the single host particles.

Where chemistry reaches its limit, 
optics takes over. Optical tweezers are 
ideal tools for a moderate number of 
particles; they can trap, orient and guide 
particles, particularly when holographic 
optical tweezers (HOT) are implement-
ed.3 Creating optical landscapes to trap 
a larger number of particles in 3-D in 
a defi ned and preferably reconfi gurable 
way is still a challenge, especially for 
objects with nonspherical symmetry. 

Earlier this year, we showed that it 
is possible to achieve a high degree of 
control on elongated microscopic objects 
like rod-shaped bacteria by means of tai-
lored light fi elds in HOT.4 Transferring 
this approach to zeolite-based host-guest 
materials—which also have a nonspheri-
cal shape—we can create almost arbitrary 
confi gurations.5 With HOT, any single 
host in an assembly can be controlled 
independently from all others, solely by 

optical means and in strong contrast to 
the contemporary, ensemble-based meth-
ods. As the sample is observed through an 
inverted, optical fl uorescence microscope 
during operation, all manipulations can 
be done truly interactively. 

Any host particle with desired proper-
ties can be selected separately from a 
reservoir and precisely translated to 
any position in the microscopic sample, 
thereby allowing hundreds of hosts to be 
held simultaneously. � e most power-
ful advantage of our optical approach, 
however, is that it allows the possibility 
of rotating elongated host particles into 
any orientation with highest precision 

(a) Optically induced organization of multiple zeolite L host particles. The setup is based on 
a Nikon Ti Eclipse microscope where holographic tweezers are implemented by means of 
a 2.5-W Nd:YVO4 laser (l=1,064 nm), which illuminates a high-de� nition phase-only spatial 
light modulator. After the light � eld is structured, it is focused through the microscope 
objective (M=100x, NA=1.49) and thus creates the desired con� guration of multiple optical 
traps at different transversal and axial positions. (b) Sixteen polydisperse zeolite L particles 
with diameter and length of roughly 1 µm are 3-D optically trapped in a rectangular lattice 
con� guration and sorted by size. (c) The complexity of organization is increased by adding 
additional zeolite L particles at the geometrically relevant positions, resulting in a centered 
rectangular lattice. Black insets show the con� guration of the optical traps (white spots).
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by means of optimized light fi elds that 
create multiple traps with diff erent 
relative intensities. � is formidable level 
of control allows for the realization of 
tailored microstructures with a widely 
tunable degree of organization.

� e hierarchical supramolecular 
organization achieved by our approach 
is not limited to static assemblies.5 � e 
micro-structures can be modifi ed and 
re-arranged in real time. On the other 
hand, permanent structures can be pre-
pared by established methods to fi xate 
the assembly after creation. HOT is thus 
an optimal choice if complex assemblies 
are investigated or very versatile rapid-
prototyping is required. t
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