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Mesoscopic world

MACROSCOPIC

MESOSCOPIC
• inertialess dynamics
• noisy environment
• surface forces
• light pushes

MICROSCOPIC

106 X

104 X



Optical tweezer



Why?

How?

Acousto-Optic Deflectors (AOD),
EOD, Galvanometric Mirrors

Holography:

Spatial Light Modulators (SLM)

• 2D
• no phase control

• fast (~100 kHz)
• precise (Å)

• slow (~20 Hz)
•complex algorithms

• 3D
• phase control

aberration correction
exotic beams, 
vortices, light bottles

: ( : ) : (

Time sharing: 

: )

 physical interactions between colloids

 biochemical interactions between cells

 assembly of photonic/fluidic micro-devices 

Multi-particle trapping
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Computer generated holograms



Back Focal Plane Front Focal Plane

Fourier
Transform

Wavefront modulation in the Fourier plane



Back Focal Plane Front Focal Plane

Fourier
Transform

Independent
phase+amplitude

modulation

Wavefront modulation in the Fourier plane



Wavefront modulation in the Fourier plane
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φj = arg

[
∑

m

ei∆m
j

]
SUPERIMPOSE AND NEGLECT AMPLITUDE 

e = 0.01
u = 0.58

S

Superposition (S)

e =
∑

m

Im ∈ [0, 1]

u = 1− max[Im]−min[Im]
max[Im] + min[Im]

∈ [0, 1]

EFFICIENCY

UNIFORMITY



φj = arg

[
∑

m

ei(∆m
j +θm))

]

Random Superposition (SR)

KINOFORM WITH PHASE RANDOMIZATION

θm RANDOMLY CHOSEN PHASE

e = 0.29
u = 0.01
e = 0.69
u = 0.01

SSR



φj = arg

[
∑

m

ei(∆m
j +θm))

]

Gerchberg-Saxton (GS)

KINOFORM WITH OPTIMIZED IMAGINARY WEIGHTS

e = 0.69
u = 0.01
e = 0.94
u = 0.60

GS

ITERATIVELY SEARCH FOR A BEST PHASE COEFFICIENTθm



GSW algorithm
DI LEONARDO et al., OPT. EXPRESS (2006)

φj = arg

[
∑

m

wmei(∆m
j +θm))

]KINOFORM WITH OPTIMIZED COMPLEX WEIGHTS

ITERATIVELY SEARCH FOR A BEST COMPLEX COEFFICIENTwmeiθm

GSGSW

e = 0.93
u = 0.99
e = 0.94
u = 0.60



Holographic optical tweezers 18

algorithm e u σ(%) K

RM 0.07 0.79 13 -

S 0.69 0.52 40 -

SR 0.72 0.57 28 -

GS 0.92 0.75 14 30

GAA 0.92 0.88 6 30

DS 0.67 1.00 0 1.7 105

GSW 0.93 0.99 1 30

Table 2. Predicted algorithm performances on a 3D target of 18 traps arranged on
the sites of the conventional cubic cell of the diamond lattice. Column 2 contains a
100 × 100 detail of the total 768 × 768 hologram. Performance parameters after K
(column 6) iterations are reported in columns 3,4,5.

might be considered.

For example, multi-beam interference is simple, produces high-quality optical

lattices over extended 3D volumes, and can tolerate high beam powers. Extensive work

on laser-induced freezing and other novel phase transitions has utilized this approach

[13, 19] Burns et al. used the standing optical field resulting from the interference of

several beams to trap polystyrene spheres, thereby producing a 2D colloidal crystal,

and to propose the existence of optically-mediated particle-particle interactions in this

system (optical binding) [92, 93]. However, such approaches are limited to symmetric

patterns.

Alternatively, galvan mirrors [94] or piezoelectrics [37, 95] have served as the basis

for designs involving scanning laser tweezers. These approaches are briefly summarised

in Section 4.6.1. Another – SLM-based – strategy which allows flexible generation of

trap arrays uses the Generalized Phase Contrast (GPC) method. In addition, arrays

covering large areas have now been produced using evanescent waves. In the remainder

of Section 4.6 we discuss these promising alternative techniques.

4.6.1. Time-sharing of traps. For generating a simple, smooth potential, such as a

ring trap, the use of analog galvo-driven mirrors might be preferred over either HOTs or

acousto-optic deflectors (AODs). Coupled with an electro-optical modulator, this can

yield smoothly varying intensity modulations in a continuous optical potential [96, 97].

Galvo systems provide much higher throughput of the incident light than either AODs

or Fourier-plane HOTs, and have been put to good use in many experiments (e.g.,

the Bechinger group uses galvo-driven mirrors to create simple optical “corrals” that

controllably adjust the density of 2D colloidal ensembles). However, inertia limits the

scan speed of any macroscopic mirror to a fraction of what is available via AODs.

Acousto-Optic Deflectors are simply another class of reconfigurable diffractive optic

element, one which is limited to simple blazings, but which has a much higher refresh

rate: AODs can be scanned at hundreds of kilohertz, repositioning the laser on such

GSW performance in 3D



HOLOEYE LCR2500

• 1024x768

• 8 bit

• 75 Hz

HOT setup



HOT reviews



Demo

S-O-F-T ANIMATED LOGO

3D SPINNING CUBE



Interactive holographic trapping using GPU

SR GSW (10 iter.)
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CPU GPU

x350

x40

COMPUTATIONAL TIME PER TRAP



Interactive holographic trapping using GPU



Full 3D manipulation of bacterial cells

E.coli



Optofluidics
light driven devices and sensors



µPIV

SANTIAGO et al. EXP. FLUIDS (1998)

PARK ET AL. EXP. FLUIDS (2004)

µPIV:

track tracer particles



Blinking tweezers in fluid flow

∆s

∆t

v =
∆s

∆t
direct velocity measurement



R. DI LEONARDO et al. PRL (2006)

Holographic micro-velocimetry



Holographic micro-velocimetry
H. MUSHFIQUE et al. ANAL. CHEM. (2008)

3D FLOW MAP AROUND A PDMS CUBOID 2D FLOW MAP AROUND A CHO CELL



Optical torque
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∼ kHz

H. RUBINSZTEIN-DUNLOP, AIP (2006)

VATERITE SPHERE (CaCO3)

BISHOP et al. PRL (2004)

MICRON SIZED

PARTICLE IN WATER



J LEACH,  et al.  LAB ON A CHIP (2006)

An optical driven pump



Summary

Phase only modulation is enough to efficiently split a laser beam into a 
3D array of optical traps.

Optimized holograms can be generated by a PC at an high enough 
framerate to allow interactive micro-manipulation.  

The ability to grab and move matter at the micron scale can be used to 
drive sensors and devices for microfluidics


