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Speckle Optical Tweezers: applications to microfluidics 
Scattering of light in heterogeneous media, for instance the skin or a glass of milk, is usually 
considered an inevitable perturbation or even a nuisance. Through repeated scattering and 
interferences, this phenomenon seemingly destroys both the spatial and the phase information 
of any laser illumination. At the spatial 
level, it gives rise to the well-known 
“speckle” interference patterns. From an 
operative point of view, scattering 
greatly limits the possibility to image or 
manipulate an object with light through 
or in a scattering medium.  
Multiple scattering is a highly complex 
but nonetheless deterministic process: it 
is therefore reversible, in the absence of 
absorption. Speckle is coherent, and can 
be coherently controlled. By « shaping » 
or « adapting » the incident light, it is in 
principle possible to control the 
propagation and overcome the scattering process. This domain is the main focus of our team  

at Laboratoire Kastler-Brossel. 
In this project, we aim at 
showing that scrambled 
coherent light, that produces 
the so-called speckle 
patterns, can be used as a 
versatile, cheap and robust 
manipulation tool for 

particles or droplets in liquid, and therefore could be used for 
sorting and sieving based on shape, size, and refractive index, 
opening promising avenues for applications in microfluidics and 

in particular for lab-on-chip applications. We already have extensive simulations and a first 
proof-of-principle experiment. 
The internship will consist in developing the existing setup towards trapping droplets in 
liquids, the de-facto standard in microfluidics. The experiment will be done in close 
collaboration with LPS (Frederic Pincet and Rachid Thiam), who have extensive know how in 
droplet fabrication and microfluidics, and a collaborator at UCL London. The project is not 
only applied but also poses very fundamental questions that we want to study, related for 
instance to how diffusion can be altered by a random potential, and how interactions between 
particles can be controlled.  
Reference : G. Volpe, et al. Brownian Motion in a Speckle Light Field… Scientific Reports, 4 : 3936 (2014) 
                       G. Volpe, et al. Speckle Optical Tweezers: …, Optics Express, 22, 18159 (2014) 
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perform basic optical manipulation tasks such as guiding and sort-
ing23, which go beyond selective optical trapping in high-intensity
speckle grains7,8.

Results
Speckle light patterns can be generated by different processes, such as
scattering of a laser on a rough surface, multiple scattering in an
optically complex medium, or mode-mixing in a multimode fiber4.
In general, they are the result of the interference of a large number of
waves propagating along different directions and with a random
phase distribution, and, despite their random appearance, they share
some universal statistical properties3,24 (see Supplementary Note S1).
In particular, a speckle pattern has a negative exponential intensity
distribution, and the normalized spatial autocorrelation function
CI(Dr) can be approximated by a Gaussian25:
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where I(r) is the speckle pattern intensity as a function of the position
r and the standard deviation s < d/3 is proportional to the average
speckle grain size d (see Supplementary Note S1).

The motion of a Brownian particle in a static speckle field is the
result of random thermal forces and deterministic optical forces. In
the following discussion, we focus on particles whose radius is smal-
ler than the light wavelength l. We develop a theory that is strictly
valid for Rayleigh particles (see Methods), but our conclusions hold
also for larger particles26. In particular, as we show in the

Supplementary Figure S1 using exact electromagnetic theory27,28,
our theory is also approximately valid for bigger particles provided
that their radius is smaller than the light wavelength l. Optical gra-
dient forces are the dominant deterministic forces acting on small
particles, and they attract high-refractive index particles towards the
intensity maxima of the optical field26.

As a particle moves in a speckle field, the optical force acting on it
changes both in magnitude and direction with a characteristic time

scale t~
L

vvw , where L is the correlation length of the optical force

field and ,v. is the average particle drift speed. The optical force
field correlation function (Figure 1d) is
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Re að Þ and a is the particle polarizability, so that L~
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(see detailed derivation in Methods and Supplementary Note S2).
Since the particle motion is overdamped29, the average particle drift

speed is vh i~
Fh i
c

, where c is the particle friction coefficient and

Fh i<
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Ih i is the average force (see Supplementary Note S2). Thus,

we obtain
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Figure 1 | Subdiffusion in a static speckle pattern. (a–c) The background represents a speckle pattern generated by a circular aperture (l 5 1064 nm,
speckle grain 490 nm); the white scale bar corresponds to 2 mm. The trajectories (green solid lines) show progressive confinement of a polystyrene bead
(R 5 250 nm, np 5 1.59) in water (nm 5 1.33, g 5 0.001 Ns/m2, T 5 300 K) as a function of the increasing speckle intensity corresponding to an average
force on the particle of (a) ÆFæ 5 10 fN (ÆIæ 5 13 mW/mm2), (b) ÆFæ 5 50 fN (ÆIæ 5 65 mW/mm2), (c) ÆFæ 5 200 fN (ÆIæ 5 260 mW/mm2). (d) Normalized
autocorrelation function of the force field produced by the speckle pattern according to our theoretical model (solid line) and in the simulated
speckle pattern (circles). The dashed line represents the theoretical normalized autocorrelation function of the speckle pattern intensity. (e) Brownian
particle mean square displacements as a function of ÆFæ (purple lines), and their deviation from Einstein’s free diffusion law (black line).
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Figure  1  :  simulation  of  brownian  motion  of  a  particle  
(in   green)   in   a   speckle   field   (.   (a)   low   intensity,   no  
trapping   (b)   high   speckle   intensity,   the   particle   is  
trapped  between  a  few  maxima  (scale  bar  2  microns) 

particularly true for experiments that are designed satisfying one of
the following conditions: the speckle field is generated with a low
numerical aperture so that the average longitudinal extension of the
speckle grain extends over the depth of the microfluidic channel;
optical scattering forces push the particles in the direction of propaga-
tion of light, so that in the presence of a boundary, such as the glass or
PDMS surface of a microchannel, they effectively confine the particles
in a quasi two dimensional space34; or the motion of the particles is
confined to a quasi 2-dimensional volume far from any physical
boundary, for example, by employing acoustic standing waves35. In
more complex settings, our results can be readily extended to take into
account a 3-dimensional description of the speckle field24. Particular
care should be paid to extent the speckle memory effect to a 3-dimen-
sional case: while the standard memory effect achieves a lateral trans-
lation of the speckle field by adding a linear phase gradient at the
input of a complex medium21,22, a longitudinal translation of the
speckle field can be obtained by adding a quadratic phase gradient
at the input36. Therefore a combination of these two effects allows one
to translate the results of our work to a 3-dimensional situation.

In conclusion, we have developed a theoretical framework that
allows one to convert the randomness of a speckle light field into a
tunable tool to influence the motion of a Brownian particle. In par-
ticular, we performed numerical experiments to show the applicabil-
ity of this concept to the tunable control of anomalous diffusion and
to perform standard optical manipulation tasks, such as sorting and
guiding. While some of the tasks we propose in the manuscript can be
achieved using optical traps or lattices in periodic arrangements13–19,
the alternative use of random potentials offers some additional
advantages, such as intrinsic robustness to noise and aberrations
from the optics and the environment. In fact, the use of random
optical potentials over periodic ones has the advantage of requiring
very simple optical setups as well as a very low degree of control over
the experimental environment, thus offering the possibility of per-
forming optical manipulation through scattering media, such as dif-
fusers and biological tissue, where light propagation naturally leads

to the formation of speckle patterns, without recurring to wavefront
shaping11.

Methods
Simulation of Brownian motion in a speckle pattern. The motion of a Brownian
particle of radius R in a generic force field can be modeled with the following Langevin
equation37:
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where _r, m and c 5 6pgR are respectively the particle’s velocity, mass and friction
coefficient, g the viscosity of the surrounding medium, W a white noise vector, kB the
Boltzmann constant and T the temperature of the system. For a Rayleigh particle, F(r)
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Re að Þ and a is the particle polarizability, which depends on the

particle’s volume, shape and composition38. For a spherical particle with radius R and
refractive index np immersed in a liquid with refractive index nm,
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. Inserting the full expression of the force and neglecting

inertial effects in the motion of the particle29, Equation (4) simplifies as:
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where DSE~
kBT

c
is the Stokes-Einstein’s diffusion coefficient of the Brownian

particle. Simulations of Brownian motion in the field of forces generated by a speckle
pattern were therefore obtained by numerically solving Equation (5)39. In all
simulations, the particles are polystyrene beads (np 5 1.59) in water (nm 5 1.33, g 5
0.001 Ns/m2, T 5 300 K). Due to the low scattering cross-section of the particles and
their low concentration, we consider that the force field of the speckle pattern is not
influenced by the particle. Even though we used a 2-dimensional model to simulate
Brownian dynamics, our results can be readily extended to a 3-dimensional situation
by considering a fully 3-dimensional description of the speckle pattern24,39. In the
presence of a hard boundary, an effective diffusion constant and an effective friction
coefficient must be included in the model40, while for the case of low density
suspensions of Brownian particles multiple reflections are very small, and can be
safely neglected. In the presence of flow, we assumed laminar flow because of the low
Reynolds numbers associated to microfluidc channels29,40. Every particle trajectory
used in the data presented from Figure 1 to 3 was calculated over a different
realization of speckle field. Moreover, the initial position for the trajectory was
randomly chosen within the speckle field. In Figure 4, instead, we used the same
speckle field and initial position for every simulated particle.

Figure 4 | Microfluidic speckle sieve and speckle sorter. (a) Lapse-time snapshots of the motion of polystyrene particles with radius R 5 200 nm (ÆFæ 5
90 fN, green dots) and R 5 250 nm (ÆFæ 5 46 fN, black dots) in a microfluidic speckle sieve, where a static speckle pattern (red shaded area) traps the
smaller particles while it lets the larger particles go away with the flow (flow speed 42 mm/s, see also Supplementary Video S1). (b) Same as in (a), but with
the speckle pattern ratcheting in the direction orthogonal to the flow by 1 mm (flow speed 34 mm/s, see also Supplementary Video S2). The black
scale bar represents 50 mm.
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Figure  2:  simulation  sorting  between  
two   particle   sizes   (green   and   black  
points)   by   a   speckle   field,   in   a  
microfluidic   channel   (flow   left   to  
right,  top-‐‑bottom  :  increasing  time  0-‐‑
6  seconds,  canal  width  50  microns) 


