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What is Optical Trapping (OT)?

Mesoscopic scale –

• 10’s of nm – 100’s of µm, 

• forces from femtonewtons - nanonewtons, 

• time scales ranging from a microsecond and up.

http://www.stanford.edu/group/blocklab/Optical%20Tweezers%2
0Introduction.htm

Trapped : dielectric spheres, viruses, bacteria, living 
cells, organelles, small metal particles, and even 
strands of DNA.

http://physics.nyu.edu/grierlab/pum
p2b/

Trapped dielectric spheres in 
optical vortices

http://www.nbi.dk/~tweezer/dk/mobilit
et.htm

Bacteria
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History of optical trapping

A. Ashkin, Phys. Rev. Lett. 24, 156 (1970)

http://www.bell-labs.com/user/feature/archives/ashkin/

Undated photo – Arthur Ashkin

Adapted from article by Don Monroe, “The Optical Trap”, The Scientist 2005, 19(16):48

Timeline

1958 Invention of Laser, 

1970 Arthur Ashkin levitates micron sized particles, Bell Labs, 

1986 Demo of Optical tweezers

1987 Ashkin manipulates live bacteria and viruses

1989 OT used to manipulate live sperm

Block&Berg measure stiffness of bacterial flagella

1990 Steven Chu reports manipulation of DNA using OT

1991 Karl Greulich and colleagues use optical tweezers to isolate individual chromosomes 

1993 J. J. Krol develops multiple trap system

1993…a whole bunch of biology stuff I don’t know how to appreciate…2004

2004 Block builds first combination optical trap/fluorescence instrument 
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Uses of Optical Trapping in 
biological applications

In Biology:

Intra- and inter cellular processes responsible or respiration, reproduction and signaling.
• confinement and organization (e.g. for cell sorting),
• tracking of movement (e.g. of bacteria), 
• application and measurement of small forces, 
• altering of larger structures (such as cell membranes). 

Mesoscopic force measurements

Lab on a chip

Driving of micromotors

Microsurgery

Localized heating

http://mayoresearch.mayo.edu/mayo/re
search/hubmayr/strain_laser.cfm
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http://www.berkeley.edu/news/media/releases/2005/07/20_optotweezer.shtml

Cell sorting
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• Scattering force (in direction of light propagation)

• Gradient force (in direction of light intensity gradient)

• Trapping stable when gradient force > scattering force. (Fallman 97)

Optical Trapping Physics
The intuitive view

The single most important element of the OT is the 
objective lens used to focus the trapping laser.

After Dholakia (2002)

Maximize 

focus beam using a high 
NA objective lens.

Gradient force

Scattering force
ratio

Gaussian light beam

Dielectric 
particle

Scattering 
force

Gradient 
Force

If particle has larger index 
than medium
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Optical Trapping Physics 
Limiting cases for force calculations

Trapping efficiency : Tradeoff between stiffness vs. input power.

Object >> l :    l :    l :    l :    ray optics calculations

Object << lll l :    Rayleigh scattering

Object ~ l :l :l :l :

After Grier (2003)

Particle dimensions neglected, only E&M interaction 
between induced dipole and field considered.

Radiation pressure from refracted rays trap particle.

Particle dimensions cannot be neglected, E&M interaction 
between induced dipole and field considered.

Detailed E&M calculations needed

Polarizability of the material affects force

Keir C. Neuman and Steven M. Block, “Optical Trapping”, Review of Scientific Instruments, Vol. 75, no. 9, Sept. 2004, p 2787-2809

Yiyi Deng, “A novel technique for the quantification of trapping force in optical tweezers”, Nov. 2003, Laser Teaching Ceter, Stony Brook University, Stony Brook, New York.

Bradley A. Brown and Phyllis R. Brown,  “Optical Tweezers: Theory and current applications”, American Laboratory, Nov 2001, page 13.

“Opticution”: damage to 
object with high optical 
powers

Force calculations are still ongoing research and depend 
on knowing the stiffness of the trap on the particle.
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The typical light source
in biological applications

http://omlc.ogi.edu/classroom/ece532/class3/muaspectra.html After Svoboda & Block (1994)

Hb = deoxyhemoglobin, HbO2 = oxyhemoglobin

To minimize “opticution”, a wavelength where transparency is high is desired…

Nd:YAG lasers at 1064 nm are typically used for biological OT applications.

Estimated minimum optical power required per trap ~5 mW.*

* Based on Arryx website of 2W max power * 50% transmission off SLM / 200 beams. (www.arryx.com) using their optics.
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Optics for a moveable trap

• Requirements (Fallman SPIE 6088 paper 2006)

Trap force for a given object :

~light intensity, intensity gradient,

Stability of moveable traps :

~beam filling of objective input 
aperture is constant with movement.

� Overfill objective entrance pupil. 

� Maintain constant overfill during 
beam movement in x-y-z After Fallman, (1997)

Objective 
lens

Maintain 
constant  beam 

width

Gimbal
Mounted 
Mirror

Externally 
Position 
Mirror

Conjugate 
planes
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The technology of optical trapping:
Beam types and trapping shapes

Holographically generated Laguerre-Gaussian beams

http://www.phys.ucl.ac.uk/department/AnnRev2005/amop.html

http://oemagazine.com/fromTheMagazine/jan03/tutorial.html

Bessel Beams

Gaussian Beams

After Grier (2003)

Holographic beam 
steering  system
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After Terray, et 
al. (2002)

Terray, A., Aokey, J & Marr, D. W. M.  Fabrication of linear colloidal structures for microfluidic applications. Appl. Phys. 
Lett. 81, 1555-7 (2002); Terray, A., Aokey, J & Marr, D. W. M. Microfluidic control using colodial devices, Science 296, 
1841-4 (2002)
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The technology of optical trapping: 
Beam steering
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* Trading off diffraction efficiency

1. Keir C. Neuman and Steven M. Block, “Optical Trapping”, Review of Scientific Instruments, Vol. 75, no. 9, Sept 2004
2. David McGloin, “Optical Tweezers: 20 years on”, Philosophical Transactions of the Royal Society A (2006) 364, 3521-

3537
3. http://www.eopc.com/dts100_dts250_dts400.html
4. Gary J. Brouhard, Henry T> Schek, III, and Alan J. Hunt, “Advanced Optical Tweezers for the study of cellular and molecular 

biomechanics”, IEEE Trans. On Biomed Eng, vol 50 no 1, Jau 2003, p 121

1-2 KHz

~1%

~40%

~20

100µs 8 µrad

17.5-494.2 µs238 kHz

Galvanometer 
scanning mirrors

Acousto-optic 
deflectors

Electro-optic 
deflectors

Operating 
speed

Step 
response 
time

Deflection 
(mrad)

Deflection 
repeatability

Insertion 
loss

Dynamic 
holographic 
SLMs

10 Hz - ~kHz*

100 ns10 MHz

~50%

high

high

n/a< 1s n/a

low

Beam Steering 
method
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Aberrations and tolerance

Small particles (~1 µm) are more strongly affected by beam aberrations.

Trap performance defined as mean squared displacement of a corrected trap 
vs. uncorrected trap.

Images after Wulff et al. (2006)

Improvement for small particles is greater

Beam aberrations corrected by holographic SLMs Uncorrected Corrected

0.8 µm

2 µm

5 µm

Red ellipses indicate the rms displacement
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Commercial Optical trapping systems
-- Cell Robotics --

Cell Robotics Premier workstation
http://www.cellrobotics.com/workstation/pws.html

OT work stations 

Add-on modules for existing 
microscopes.

Laser scissors ® system :
shorts bursts of UV light from a nitrogen 

laser to ablate specimen parts with sub-
micron precision.

http://www.cellrobotics.com
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Commercial Optical trapping systems
-- Arryx -- http://www.arryx.com

http://www.ub.es/optics/tweezers.html

Sample layout of OT system using a 
holographic SLM

Reference on Holographic optical tweezers:

http://www.ub.es/optics/tweezers.html

BioRyx® 200 Optical Trapping System 
http://www.arryx.com/product.html

Up to 200 beams can be independently manipulated using 
the holographic SLM.
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Commercial Optical trapping systems
-- P.A.L.M. Microlaser Technologies –

http://www.palm-microlaser.com

http://www.palm-microlaser.com/dasat/

Laser Microdissection and Pressure Catapulting (LMPC) technology 

How does P.A.L.M.'s LMPC-technology function?
An UV beam is focused and used to cut out specimen. 

The isolated specimens are ejected out of the object plane and catapulted directly into a 
sample holder with the help of a single defocused laser pulse and can be "beamed" several 
millimeters away, even against gravity. 
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Opportunities for improvement

• AOD’s
– Very fast but have relatively 

small addressable area

– Power fluctuation with trap 
movement increases instability

•Gary J. Brouhard, Henry T. Schek, III, and Alan J. Hunt, “Advanced Optical Tweezers 
for the study of cellular and molecular biomechanics”, IEEE Trans. On Biomed Eng, vol
50 no 1, Jau 2003, p 121

• Holographic SLMs are very flexible 
but have a slow update (5-10 Hz).

• Current* systems do not have 
simultaneous Multi-beam, multi-color 
capability.

Beam steering system

* As far as I can tell from the literature, March 29, 2007
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Summary

• Optical trapping is a tool that can be used  to manipulate 
microscopic objects.

• The objective lens with a high NA is the most critical 
element in the system.

• Beam types and beam steering elements add flexibility 
to the system.

• Drawbacks to current implementations of OT systems 
include tradeoffs among optical power, speed, 
aberrations, and addressable area.

• Using a tilting mirror based system is acknowledged to 
be an efficient approach to improving system 
characteristics. [Ref 4]
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