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A moving array of optical traps created by interference of two counter-propagating evanescent

waves has been used for delivery of particle chains up to 18 micro-particles long immersed in

water. The particles were optically self-arranged into a linear chain with well-separated distances

between them. We observed a significant increase in the delivery speed of the whole structure as

the number of particles in the chain increased. This could provide faster sample delivery in

microfluidic systems. We quantified the contributions to the speed enhancement caused by the

optical and hydrodynamic interactions between the particles. VC 2012 American Institute of Physics.

[doi:10.1063/1.3680234]

Optical manipulation with microparticles and nanopar-

ticles is a well-established technique that has found numer-

ous practical applications in a variety fields. Usually it is

assumed that one or more particles are trapped in a static

fluid and manipulated by repositioning of the focused trap-

ping beams (so-called optical tweezers1). More advanced

applications, such as optical sorting2–5 or delivery,6 use spa-

tially structured beams to influence particles behavior in

static or dynamic fluids. In the case where multiple particles

are simultaneously trapped a mutual interaction between the

particles takes place. This interaction is also called optical

binding7 and modifies the particles’ equilibrium positions or

can even create self-arranged structures of the particles.8–13

In the case where multiple illuminated particles are in

motion within the fluid, the hydrodynamic interactions take

place which make the inter-particle interactions even more

complex.14 The hydrodynamic interactions between multiple

particles have been also studied with the optical manipula-

tion techniques for particles arranged into linear chains,15,16

ring-like structures,17–20 or two-dimensional matrix struc-

tures.18 However, most of these approaches used a set of in-

dependent optical traps and studied the hydrodynamic

interactions through their coupled Brownian motion.

Utilization of light forces for particle delivery over an

extended range was demonstrated near a surface4,6 or optical

waveguide21 and in bulk liquid medium using counter-

propagating beams.22–24 Moreover, Grujic et al.25 reported

that a pair of particles, a so called bi-particle, moved along a

planar waveguide 15% faster compared to a single particle.

In this paper we focus on the behavior of a linear chain

of polystyrene micro-particles that are optically self-

arranged in an evanescent standing wave.26 A constant phase

shift of one beam results in a constant velocity u of the stand-

ing wave interference fringes and consequently in a particle

delivery with a certain average velocity v. Due to thermal

activation the particle jumps over the potential barrier

between neighboring fringes.27 Since the drag force of the

medium acts against the particle motion, the periodic poten-

tial profile is tilted and the particle jumps more frequently

over the lower potential barrier, i.e., the particle lags behind

the moving fringes.6,28 Consequently, the delivery speed v is

lower compared to u. However, if multiple particles are

transported together, their mutual optical and hydrodynamic

interactions fix the inter-particle distances and suppress inde-

pendent particle jumps over the potential barrier. The deliv-

ery speed of all the particles can, therefore, be significantly

enhanced compared to that of a single particle.

We used the interference of two independent counter-

propagating evanescent waves to create an array of optical

traps near the surface4,6 (see Fig. 1). Two Gaussian beams

were focused on the top surface of the prism where they

formed overlapping spots 10 lm wide and 100 lm long with

standing wave fringes separated by 200 nm. We shifted the

relative phase between both beams by a movable mirror

(MM) in a controlled fashion. Movement of the standing

wave fringes was accompanied by a delivery of particles

confined within the standing wave.

FIG. 1. (Color online) Experimental setup. Laser light (Coherent Verdi,

10 W, kvac¼ 532 nm) is separated into two beams by a polarizing beam split-

ter (PBS). One beam is reflected on the MM and returns to the PBS. Since

the beam has passed twice through the quarter-wave plate k/4 its polariza-

tion is now perpendicular to the original one, thus it passes directly through

the PBS and has the same polarization as the counter-propagating beam.

Two pairs of cylindrical lenses L1, L2 focus the beams onto the upper sur-

face of the BK7 prism in the form of a half-sphere lens (diameter 1/200) cov-

ered with a thin layer of immersion oil and a cover slip. MM was controlled

by PIFOC (Physik Instrumente) which provided precise and fast movement

over 50 lm with velocity up to 200 lms�1.
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The evanescent standing wave created a periodic array

of optical traps (potential minima) separated by a potential

barrier of height DU which depends not only on the incident

laser power but also on the size of confined particles.6 Based

on our previous results4,6 we used a water solution of poly-

styrene particles of diameter 520 nm because they form deep

optical wells. The movement of particles was recorded by a

fast charge coupled device (CCD) camera recording 250

frames per second. The MM performed a bidirectional saw-

tooth motion with velocity 76 lms�1. During the experiment

additional particles entered the standing wave and conse-

quently were confined and self-arranged in a particle chain.

Within 4 min of recording up to 18 particles were self-

arranged in the chain. Figure 2 compares the bidirectional

motion of chains made up of different numbers of particles

taken at three different times. Each horizontal stripe in the

figure shows a chain formed from a constant number of par-

ticles that existed for a period of 2–50 s.

In the static standing wave a single particle is confined

in an intensity maximum or minimum, depending on its size.

It has recently been pointed out29 that the optical binding is

able to tilt the periodic optical potential of the standing wave

in such a way that due to the thermal activation the particles

overcome the potential barrier between neighboring traps

and self-arrange at inter-particle distances close to the case

of counter-propagating but non-interfering waves. Once the

standing wave starts to move, the particles follow its move-

ment and the hydrodynamic drag force tilts the periodic

potential profile of the standing wave. In the case of a single

trapped particle it increases the probability of particle jumps

to optical traps laying in the opposite direction to the par-

ticle’s movement.6 The average speed of a single particle28

can be expressed as

v ¼ u� LkBT½expðcuL=kBTÞ � 1�

c
ÐL
0

dx
ÐxþL

x

dy exp
UðyÞ�UðxÞþðy�xÞcu

kBT

h i ; (1)

where c is Stokes drag coefficient, kB Boltzmann constant, T
temperature, and U(z)¼�DU/2cos(2pz/L) is the potential

energy profile created by the static standing wave (L is the

distance between two neighboring interference fringes).

In principle, the same happens if there are more particles

in the chain. However, as Fig. 2 demonstrates, the overall ve-

locity of the particle chain increases with the number of par-

ticles. Figure 2 and the attached video show that as the chain

moves in one direction, the particles in the center of the

chain catch up with the leading particles and leave the tail

particles behind. When the direction of the standing wave

motion is reversed, the central particles again move faster

and catch up with the leading ones. However, the particles

never touch or collide with one another. Obviously, the num-

ber of particles jumps increases in the direction opposite to

the standing wave motion. Moreover, Fig. 3(a) demonstrates

that the particles in the middle of the chain move with the

highest velocity because the presence of their neighboring

particles suppresses the jumps over the potential barrier.

Similar behavior was described for three particles moving

along a circular fringe of the Bessel beam of higher order.20

Figure 3(b) shows the average speed of particles in the chain

as the chain length increases.

Let us estimate the contributions of the hydrodynamic

and optical interactions between particles to the speed

enhancement at least to the lowest approximation. From the

experiment we were able to determine the position of each

particle at given time and consequently the corresponding

FIG. 2. Bright field images of chains formed from 1 to 15 polystyrene beads of diameter 520 nm placed in water and self-arranged in the evanescent standing

wave. The images compare chain positions and particles locations inside each chain at three different time points. All chains are aligned in these pictures such

that their centers of mass lie on the vertical dashed white line at t¼ 0. The attached video shows the motion of all chains over one period of a sawtooth motion

corresponding to 0.5 s. Note that the chain made of 10 particles is missing because the 10th and 11th particles joined the chain at almost the same moment

(enhanced online). [URL: http://dx.doi.org/10.1063/1.3680234.1]

FIG. 3. (Color online) (a) An example of recorded positions of 8 particles in

the chain. (b) Average velocities v of individual particles in chains of

increasing length. Each blue curve (upper curves) represents a single chain

of a given number of particles. Green curves (lower ones) represent average

particle velocity v̂ if the hydrodynamic interaction is removed using the

Oseen tensor. The dashed line shows the velocity u of the moving interfer-

ence fringes.

051103-2 Šiler, Čižmár, and Zemánek Appl. Phys. Lett. 100, 051103 (2012)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

138.251.14.57 On: Fri, 10 Jan 2014 09:31:41

http://dx.doi.org/10.1063/1.3680234.1


velocity of each particle. As explained in Refs. 17 and 18,

the Oseen tensor Ĥij can be employed to express the effec-

tive force acting on the i-th particle without the hydrody-

namic influence of other particles as Fi;eff ¼ Ĥ
�1

ij vj, where vj

is the measured speed of the j-th particle. This allows us to

recalculate a reduced effective velocity v̂i ¼ Fi;eff=c corre-

sponding to the motion of a single isolated particle under the

influence of the same optical field, thus decoupling light-

mediated inter-particle interactions from hydrodynamic

ones. Figure 3 compares average particle velocities vi and v̂i .

We see that while the average speed of a single particle is

12.5 lms�1, the velocities vi ðv̂iÞ of particles in the

15-particles chain vary from 71 lms�1 (41 lms�1) in the

chain center to 44 lms�1 (28 lms�1) on its edges. Therefore,

the hydrodynamic coupling contributes to the observed speed

enhancement by more than 50%; however, the remaining

contribution signifies important optically mediated interac-

tions within the system.

Since the velocity v̂i can be considered equivalent to v
(Eq. (1)), it can be used to quantify the potential barrier

DUN,i associated with the i-th particle in a chain formed by N
particles. The results of this procedure are shown in Fig. 4.

Comparing the optical trap depth of a single particle

DU1,1¼ 3.8kBT and a central particle in a 15-particle chain

DU8,15¼ 6.4kBT we find a 68% increase due to the optical

interaction between the particles. Unfortunately, the optical

intensity of the trapping beams was inhomogeneous in the

range of tens of percent over the region where the particles

moved and this caused relatively large errors in DUN,i (gray

regions in Fig. 4). At this stage we did not take into account

the surface proximity because it was found recently6,27 that

the drag coefficient increase due to the surface proximity is

almost compensated by the decrease of water viscosity due

to localized heating by the trapping laser power.

In conclusion we demonstrated that optically self-

arranged linear chains of particles move faster in a traveling

standing wave with increasing number of particles. However,

this increase tends to saturate for more than 13 particles and

the observed speed increased about 6� compared to a single

particle. Such an increase of the delivery speed of tens of

self-arranged particles is useful for faster samples delivery in

microfluidic systems. We deduce that two effects are respon-

sible for the observed behavior. The hydrodynamic coupling

between the particles reduces the viscous drag, and the opti-

cal binding increases the height of the potential barriers

between the neighboring optical traps created by the standing

wave fringes. Purely from the dynamics of the chains’

motion we have been able to quantify the optical binding

effects, and furthermore we have shown that the relative

influence of both optical binding and hydrodynamic coupling

is approximately of the same order.
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(2008).
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