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Abstract: Optical trapping in a counter-propagating (CP) beam-geometry
provides unique advantages in terms of working distance, aberration
requirements and intensity hotspots. However, its axial performance is
governed by the wave propagation of the opposing beams, which can limit
the practical geometries. Here we propose a dynamic method for controlling
axial forces to overcome this constraint. The technique uses computer-
vision object tracking of the axial position, in conjunction with software-
based feedback, for dynamically stabilizing the axial forces. We present
proof-of-concept experiments showing real-time rapid repositioning coupled
with a strongly enhanced axial trapping for a plurality of particles of varying
sizes. We also demonstrate the technique’s adaptability for real-time
reconfigurable feedback-trapping of a dynamically growing structure that
mimics a continuously dividing cell colony. Advanced implementation of
this feedback-driven approach can help make CP-trapping resistant to a host
of perturbations such as laser fluctuations, mechanical vibrations and other
distortions emphasizing its experimental versatility.

© 2010 Optical Society of America

OCIS codes: (100.0100) Image processing; (070.6120) Spatial light modulators; (350.4855)
Optical tweezers or optical manipulation

References and links

1. A. Ashkin, “Acceleration and trapping of particles by radiation pressure,” Phys. Rev. Lett. 24(4), 156159
(1970).

2. G. Sinclair, P. Jordan, J. Leach, M. J. Padgett, and J. Cooper, “Defining the trapping limits of holographical
optical tweezers,” J. Mod. Opt. 51(3), 409414 (2004).

3. T. Ciimér, M. Mazilu, and K. Dholakia, “In situ wavefront correction and its application to micromanipulation,”
Nat. Photonics 4(6), 388-394 (2010).

4. K. C. Vermeulen, G. J. L. Wuite, G. J. M. Stienen, and C. F. Schmidt, “Optical trap stiffness in the presence and
absence of spherical aberrations,” Appl. Opt. 45(8), 1812-1819 (2006).

5. M. Capitanio, G. Romano, R. Ballerini, M. Giuntini, F. S. Pavone, D. Dunlap, and L. Finzi, “Calibration of
optical tweezers with differential interference contrast signals,” Rev. Sci. Instrum. 73(4), 1687-1696 (2002).

6. P.J.Rodrigo, L. Kelemen, D. Palima, C. A. Alonzo, P. Ormos, and J. Gliickstad, “Optical microassembly
platform for constructing reconfigurable microenvironments for biomedical studies,” Opt. Express 17(8), 6578—
6583 (2009).

7. P.J.Rodrigo, L. Kelemen, C. A. Alonzo, L. R. Perch-Nielsen, J. S. Dam, P. Ormos, and J. Gliickstad, “2D optical
manipulation and assembly of shape-complementary planar microstructures,” Opt. Express 15(14), 9009-9014
(2007).

8. P.J. Rodrigo, L. Gammelgaard, P. Bgggild, I. Perch-Nielsen, and J. Gliickstad, “Actuation of microfabricated
tools using multiple GPC-based counterpropagating-beam traps,” Opt. Express 13(18), 6899-6904 (2005).

9. H.U. Ulriksen, J. Thggersen, S. Keiding, I. Perch-Nielsen, J. Dam, D. Palima, H. Stapelfeldt, and J. Gliickstad,
“Independent trapping, manipulation and characterization by an all-optical biophotonics workstation,” J. Europ.
Opt. Soc. Rap. Public. 3, (2008).

10. A. Constable, J. Kim, J. Mervis, F. Zarinetchi, and M. Prentiss, “Demonstration of a fiber-optical light-force
trap,” Opt. Lett. 18(21), 1867-1869 (1993).

11. P. J. Rodrigo, I. R. Perch-Nielsen, and J. Gliickstad, “Three-dimensional forces in GPC-based
counterpropagating-beam traps,” Opt. Express 14(12), 5812-5822 (2006).

12. J. Gliickstad, and D. Palima, “Generalised Phase Contrast: Applications in Optics and Photonics”, Springer
Series in Optical Sciences, Vol. 146, 310 pp (2009).

#131039 - $15.00 USD Received 1 Jul 2010; revised 1 Aug 2010; accepted 2 Aug 2010; published 9 Aug 2010
(C) 2010 OSA 16 August 2010/ Vol. 18, No. 17/ OPTICS EXPRESS 18217



13. A. van der Horst, P. D. J. van Oostrum, A. Moroz, A. van Blaaderen, and M. Dogterom, “High trapping forces
for high-refractive index particles trapped in dynamic arrays of counterpropagating optical tweezers,” Appl. Opt.
47(17), 3196-3202 (2008).

14. A. Isomura, N. Magome, M. Kohira, and K. Yoshikawa, “Toward the stable optical trapping of a droplet with
counter laser beams under microgravity,” Chem. Phys. Lett. 429(1-3), 321-325 (2006).

15. A. Ashkin, and J. M. Dziedzic, “Observation of radiation-pressure trapping of particles by alternating light
beams,” Phys. Rev. Lett. 54(12), 1245-1248 (1985).

16. T. Cizmir, V. Garces-Chévez, K. Dholakia, and P. Zemdnek, “Optical conveyor belt for delivery of submicron
objects,” Appl. Phys. Lett. 86(17), 174101 (2005).

17. T. Cizmir, and K. Dholakia, “Tunable Bessel light modes: engineering the axial propagation,” Opt. Express
17(18), 15558-15570 (2009).

18. A. Ashkin, and J. M. Dziedzic, “Feedback stabilization of optically levitated particles,” Appl. Phys. Lett. 30(4),
202-204 (1977).

19. K. D. Wulff, D. G. Cole, and R. L. Clark, “Servo control of an optical trap,” Appl. Opt. 46(22), 4923-4931
(2007).

20. I R. Perch-Nielsen, P. J. Rodrigo, C. A. Alonzo, and J. Gliickstad, “Autonomous and 3D real-time multi-beam
manipulation in a microfluidic environment,” Opt. Express 14(25), 12199-12205 (2006).

21. S. A. Tatarkova, A. E. Carruthers, and K. Dholakia, “One-dimensional optically bound arrays of microscopic
particles,” Phys. Rev. Lett. 89(28), 283901 (2002).

22. N. Arneborg, H. Siegumfeldt, G. H. Andersen, P. Nissen, V. R. Daria, P. J. Rodrigo, and J. Gliickstad,
“Interactive optical trapping shows that confinement is a determinant of growth in a mixed yeast culture,” FEMS
Microbiol. Lett. 245(1), 155-159 (2005).

1. Introduction

Optical trapping [1] systems find themselves in a myriad of experimental settings that range
from fundamental research such as atom trapping to applied sciences such as biophotonics,
biophysics and nano-sciences to mention a few. Many trapping schemes are based on optical
tweezers that require high numerical aperture (NA) oil-immersion objectives [2]. This high-
NA geometry sets stringent aberration requirements that limit applicable sample chambers.
The available working distance (a few hundred microns) sets a physical limit to the realizable
axial trapping range even when aberrations are minimized (e.g., by adaptive correction [3], or
by replacing the oil-immersion with water-immersion objectives [4,5]). This is a pity, since
lower aberration sensitivity and a longer working distance can provide the experimentalist
with a wider latitude for optical trapping and manipulation, such as when selecting or
designing sample chambers and adding auxiliary instrumentation. Moreover, a high-NA
geometry creates a tight focus within the trapped object that could initiate unwanted side
effects for living organisms. With the advent of micro/nanostructure fabrication facilities,
such as two-photon photo-polymerization, a less constrained optical trapping system is
desirable for maneuvering micro/nanostructures [6—8] for applications in fields of micro-
robotics, micro-assembly, nano-surgery etc (e.g. to probe living cells from a plurality of
directions, or conduct various micro-spectroscopy approaches [9]).

To avoid the aforementioned limitations, we turned our efforts towards developing the
counter-propagating (CP) beam-trapping geometry for simultaneously handling multiple
particles dynamically and independently. The use of low-NA objectives in the CP geometry
affords a large working distance, sets less stringent constraints on the sample chamber, and
traps particles without sharp focusing. Some CP geometries are illustrated in Fig. 1.
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Fig. 1. a) Conventional stable CP-trapping in the far-field of diverging beams. b) Overlapping

foci. ¢) Converging beams with foci oppositely positioned compared to a). d) CP-trapping with
tube-like beams.

Two diverging beams create a stable CP trap in Fig. 1(a). Pioneered by Ashkin [1], it has
been adapted in fiber-based [10] and GPC-based [11,12] systems. Axial manipulation is
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achieved by varying the intensity ratio between the beams. The low axial intensity gradient of
the far-field beams leads to low axial stiffness and sluggish axial motion. Moreover, light that
spills outside the particle wastes energy and can even interfere with neighboring traps. Spilled
light is minimized when the foci overlap as in Fig. 1(b). This improves transverse stiffness
and creates a very strong trap, even for highly scattering objects, using high-NA [13], but can
become unstable when minimizing intensity hotspots using lower NA. It also needs axial focal
shifting for axial manipulation. The converging beams in Fig. 1(c) also create unstable traps
[14], although it can be stabilized by alternating it with Fig. 1(a) [15]. The tube-like beams in
Fig. 1(d) maintains optimal transverse gradients over very long operating distances but is
generally unstable since the axial forces cancel, though subwavelength particles may be
trapped and transported over hundreds of microns using standing wave gradients [16].

Given the strengths of a counterpropagating geometry, how can one work around some of
its weaknesses? For example, the stability and stiffness of the CP geometry is sensitive to the
foci separation [11,14] since it needs a proper axial variation of the opposing axial forces that,
in turn, depends largely on the wave propagation. One way, therefore, is to synthesize light
fields that have desirable propagation properties [17]. In the present work, we adopt a
dynamic approach to control the axial forces and improve the stability of CP traps. We apply
active stabilization [18,19] using a vision-feedback system that monitors the axial particle
position with a side-view microscope and then regulates the intensity of the opposing beams
accordingly. We also use computer-vision and software-based feedback to track and trap an
array of particles. When the previously unstable CP-geometries can be used in a highly
controlled way, one can have a merit-driven choice of CP-trap geometry, for instance to
minimize hotspots on living cells using Figs. 1(a), (c) or optimize transverse forces using Figs.
1(b), (d). This also avoids having to adjust the focal separation between the opposing beams
for different particle sizes, as required in static CP-beams [11]. Furthermore, our software-
based approach can be combined with other trapping schemes that apply machine-vision [20].

We describe our experimental setup and the computer-based feedback implementation in
section 2. We present our experimental results in section 3 where we illustrate the principle of
dynamic axial stabilization at work for optical trapping and manipulation of single, multiple,
chained and multiple-sized particles over an axial range of 250 microns. We summarize our
findings and present an outlook in the last section.

2. Experimental setup and side-view vision-feedback implementation

The experiments were performed using our in-house developed BioPhotonics Workstation
(BWS), which is illustrated in Fig. 2. The BWS configuration and optical modules have been
previously described in detail [9], so we outline only the pertinent features here. Two
independently addressable regions of a spatial beam modulating module are optically mapped
and relayed as a plurality of reconfigurable counter-propagating beams in the sample. The
scaling between the spatially light modulating pixels and the sample plane are specified by
choosing appropriate focal lengths of the relaying lenses. The user can independently control
the number, size, shape, intensity and spatial position of each CP-beamlet through a
LabVIEW interface. Each CP-beamlet can independently trap and manipulate a plurality of
microscopic objects. Although we verified that feedback works for the different geometries
depicted in Figs. 1(a)-(c), the results presented in the next section are based on the diverging
CP-beam geometry in Fig. 1(a).

The wide working space between the barrels of two objective lenses (Olympus LMPLN 50
x IR, WD = 6.0 mm, NA = 0.55) easily accommodates a 4.2 mm thick sample chamber
(Hellma cytometry cell, 250um x 250 um inner cross-section, 1.6uL volume). Fluid borne
polystyrene beads (5 pm and 10 um diameters) are loaded into the Hellma cells. The cells
have optically flat surfaces that are suitable for trapping and imaging. The available working
space enables other imaging modalities to be easily attached orthogonally, such as fluorescent
microscopy, thus enhancing the versatility of the instrument. In this work, a side-view
microscope monitors the axial positions of the trapped particles (see Fig. 2). We use this
unique observation mode, usually unavailable in optical tweezing, to provide real-time
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position feedback for active stabilization. Images from the side-view video microscope are
streamed to a computer for particle tracking and analysis. The feedback software and multi-
particle tracking algorithms are developed in LabVIEW using its built-in image and vision
processing features. Since our approach is purely software-based it can be easily adapted for a
variety of trapping configurations. A key feature is that multiple particles, even of varying
sizes, can be rapidly trapped and repositioned simultaneously.

— Controller
measured position, Z, -
+
error, e =Zq—Zn

Light- -
illumination gy
. module
desired

position, Zy

Fig. 2. Schematic of active stabilization in the BioPhotonics Workstation (BWS). An array of
actively regulated traps are relayed through well-separated objectives (1 and 2) that provides
ample space for side-view microscopy (objective lens A, zoom lens and CCD camera).
Computer vision provides real-time position feedback for regulating the traps.

The following procedure describes our real-time feedback approach for stabilizing a
counter-propagating trap located at a user-defined and reconfigurable transverse position:

1. The user inputs the desired axial position, Z;, for a particle (screen pixel coordinate).
2. The side-view computer-vision finds the particle position, Z,,, and its error, ¢ = Z,, — Z.

3. The controller compares the error, &, with two thresholds, &y, and &y, and sets the
respective intensity control signals, /7and I, for the upward and downward beamlets:

o lel > enax: Set the beamlet pushing toward Z; to maximum, I, and turn off the
opposing beam for laser-catapulting the particle towards the desired position.

® &min < l&l < emax: Set the correct beam at I, and the opposite beam to I,,,x — Al .

* lel < epin: Set both beams to I,

Thus, we have a simple tri-state controller where the 255-level intensity control signal can
be 0, 240, or 255, with thresholds &y, = 5 pixels (1.35 pm) and &,;, = 3 pixels (810 nm).
These steps are looped (processing 30 frames per second) for active stabilization and error
suppression. For multiple particles, a tracking system ensures correct addressing of axial
positions while steps 1 to 3 are simultaneously executed for each particle.

3. Experimental demonstrations and results

As a first demonstration we trapped and axially manipulated a 10 pum diameter particle,
initially lying on the bottom, over the entire channel height. Side-view video microscopy
(Media 1; see snapshots in Fig. 3) reveals the particle dynamics arising from the feedback
algorithm. The dynamic modulation of the beamlet intensities in the CP-trap is able to
position the particle even at previously unstable locations. When the particle moves away
from its desired position, the error is detected by the side-view tracking software and the
feedback loop restores the particle to its desired position. Even when the focal positions are
shifted by axial chamber displacements, active stabilization returns the particle to the desired
position. The results also show that the jitter varies depending on the selected axial position.
Results show that the particle appears locked for some desired positions, with jitter of a few
pixels, and exhibits larger oscillations for other positions. This is an artifact of the simple tri-
state control that does not account for the axial variation of the beamlet intensity and can be
improved by using non-diffracting beams or a more sophisticated control system.
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As mentioned in the introduction, it is cumbersome to adjust the beamlets foci separation
for trapping different particle sizes with static CP-traps. To demonstrate that our feedback
approach is insensitive to the foci separations, we used it to trap and manipulate 5 and 10 um
diameter particles simultaneously. To optimize the photon flux through each particle, the
transverse beamlet sizes and shapes are optimized in the spatial light modulating module to fit
the morphology of each particle. The advantage of a feedback-based approach for multi-sized
particle trapping is evident from the experimental results in Media 2 in Fig. 4.

Fig. 3. Media 1. Snapshots from side-view microscopy of optical manipulation and trapping of
a 10pum diameter particle using an actively stabilized counterpropagating-beam trap. The blue
rectangle overlay is centered on the desired position. A red square circumscribes the auto-
detected particle; a red dot marks its center-of-mass for position feedback.

Illllllllll‘lill‘liﬁ

Fig. 4. Media 2 Snapshots from side-view video microscopy of simultaneous optical
manipulation and trapping of differently sized particles (Spm and 10pm diameter). Particles are
rapidly trapped and stabilized via side-view feedback with static foci separations

Multiple particles can form a chain in a counter-propagating beam trap as the particles
modify the surrounding optical field to trap nearby particles [21]. The neighboring particles
would sense a force which is dependent not only on the impinging trapping laser light but also
on the scattered light from its nearest neighbors in the chain. We observed that, even when
multiple particles line up in a beam, the whole string of particles can still be rapidly
repositioned using our side-view feedback technique. Intriguing dynamics is observed, which
calls for a more elaborate theoretical modeling of such a dynamic light-matter interacting
system. This shows that the feedback control technique can adapt to any kind of overall object
shape, for example, when trapping colonies of dividing cells [22], which tend to arrange
themselves into a variety of unpredictable configurations. Experimental results show the
adaptability of our side-view feedback algorithm to such constantly changing trapping
environments (see Fig. 5).

Optical manipulation of a plurality of particles is valuable, among others, for handling
micro/nano-structures with multiple optical handles [6—8]. Another utility of feedback-based
trapping is that multiple particles can be positioned independently in a volume. Side-view
video microscopy demonstrates the independent repositioning and formation of axial particle
configurations (see Fig. 6) using a simple on-off controller (i.e., control intensity signal is
either 0 or 255, depending on whether the particle is above or below its desired position). The
technique works even with the simpler controller, albeit with increased particle oscillations.
Aside from forming various particle configurations, we also tested the robustness of stabilized
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multiparticle trapping to focal shifts by again axially shifting the sample chamber. The results
in Fig. 6 also display the close proximity one can have with the trapped particles over a large
axial range. With traditional static divergent CP-trapping beams the unavoidable light spilling
can create destabilizing cross-talk between adjacent traps.
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Fig. 5. Media 3 Side-view microscopy showing optical trapping and manipulation of a chain of

5 um diameter particles formed by optical binding: (a) The chain is catapulted toward desired
position (blue overlay); (b) The chain of particles is held in place by dynamic traps.

.

Fig. 6. Media 4 Side-view microscopy showing simultaneous optical trapping and manipulation
of multiple 10 um diameter particles into various configurations using actively stabilized
counter-propagating traps.

4. Conclusions

A simple, yet valuable enhancement to the conventional counter-propagating beam trapping
approach is proposed and demonstrated with proof-of-principle experiments. The concept is
based on computer-feedback with the aid of side-view vision processing for particle tracking
enabling us to enhance the axial trapping range, repositioning speed and stability of a plurality
of differently sized and shaped traps. This spatio-temporal modulating approach can be easily
adapted to many other configurations. We have demonstrated trapping of multiple particles of
varying sizes over a 250 um micro-fluidic channel without concerning about the focusing
geometry of the CP-trapping beams. This opens the door for true volume-oriented trapping
and manipulation where real-time rapid repositioning and stabilizing of a plurality of particles
are demonstrated. Our experiments also exhibit the adaptability of this technique to stably trap
complex objects of dynamically varying composition such as growing chains of particles. We
also showed that the method is robust against substantial external perturbations and can
effectively re-capture objects that are temporarily lost from a given trap. Looking ahead, we
anticipate its potential applications in supporting various trapping contexts, such as a) trapping
with novel CP geometries optimized according to some merit function b) coping with
aberrations, beam-misalignments, and perturbations such as mechanical vibrations, laser
power fluctuations and drift. The precision limit of the technique is, hence, worth exploring.
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