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mitotic spindle in  
Xenopus oocyte extract,!
 !
tubulin speckle !
fluorescence imaging (Tarun Kapoor)!



In his textbook “A treatise on electricity and 
Magnetism” (§ 793) (1873) Maxwell tells us: 
 

It is probable that a much greater energy of radiation might 

be obtained by means of the concentrated rays of the 

electric lamp (than solar light). 

 

Such rays falling on a thin metallic disk, delicately 

suspended in a vacuum, might perhaps produce an 

observable mechanical effect. 

 

 

Estimate: force on a 1m2 plate in full sun light: 

 0.4 mg if absorbing, 0.8 mg if reflecting 



Light pressure on comet tails 



Light pressure on comet tails, Hale-Bopp, 1997 



Crookes’ radiometer or light mill 
Sir William Crookes, 1873 



Light pressure 
experiment 
1901: 
 
 
 
 
 
 
 
 
 
Pyotr 
Nikolaevitch 
Lebedev,  
Moscow State 
University 
 
1866-1912  



Lebedev’s light pressure experiment: wings used 





Arthur Ashkin, Bell Labs 



 Ashkin, experiments with TMV virus, Science 1987 



optical trapping of 0.2 µm silica beads in water 



optical trapping of E.Coli bacteria in water 



First suggested: Art Ashkin, 1978, PRL40:729, first realized: Ashkin et al., 1986, Opt. Lett. 11: 288!



optical trapping 

•  measurement of force generation / displacement by motor proteins 
•  manipulation of cells / biomolecules 
•  measurement of rheological properties of complex fluids 

•  application of forces up to ~100 pN 
•  measurement of forces from ~1 pN 
•  measurement of displacement from ~1 nm 

some issues 

•  thermal (Brownian) noise needs to be dealt with 
•  optical damage: heating 
•  trapping causes extra bleaching of fluorescence 
•  high-frequency detection needs the right detectors 





manipulating parts of cells 

inner ear hair cell!

membrane of hair cell	





overstretching DNA with two optical traps 
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overstretching DNA with two optical traps 

data!

wormlike chain fit!

stretchable!
wormlike chain fit!





geometrical optics limit: particle >> wave length 



scattering force

gradient force
laser

Rayleigh limit: particle << wave length 

E ~ constant across the particle!



some notes on trapability 
- force on particle = momentum exchange with E-field!
!
- 2 competing components:  dissipative scattering force, conservative gradient force!
!
!
!
- to get trap, need: ! ! ! !(potential well > kT)!
!
- polarizability of small sphere: ! !     with relative index!
!
- even for non-absorbing particle: ! ! !(radiation reaction),!
!
but in power series expansion: ! ! !and!
!
- this is related to Rayleigh scattering formula:!
!
!
!
- result: ! ! !therefore: Fs wins for large particles and large nr!!!
!
note:  for geometrical optics (particle > wavelength) -> Fg independent of size! 	
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Optical Tweezers

Laser

double-trap set up  
with interferometer 



lasers: 
!
HeNe:  632 nm, ~1-30mW, usually a bit too weak, inexpensive!
!
Diode lasers: blue to infrared, up to 100s of mW, inexpensive!

!note: need single-mode, beam profile not circular, need correction 
!optics.!

!
Ar-ion lasers: 488, 514nm, 100s of mW to 10s of W, expensive, water !

!cooled, inefficient, outdated.!
!
Rare earth, solid state lasers (diode pumped): Nd-YAG, ND-VO4, ND-YLF, 

!1056-1064 nm, 100s of mW to 20W or more, standard for many 
!purposes, not too cheap.!

!
Various exotic designs: fiber laser, disk laser!
!
!
!



geometrical optics limit: particle >> wave length 
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Gittes, Schmidt, (1998), Opt. Lett. 23: 7-9.

Laser

interferometric  
position detection 



comparison of first order interference model  
with data (no adjustable parameters)!

bead size: 0.5 µm!



CCD camera quadrant photodiodes 

detectors 



data processing 
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data processing: 
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beam steering 

pivot the beam around point in entrance pupil of objective !

Acousto-!
optical!
deflector!



fast beam steering 

Galvo-mirrors:!

acousto-optic deflectors:!
(tellurium oxide)!



independence of trap position 
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axial position detection 
See: A. Pralle, M. Prummer, E.-L. Florin, E.H.K. Stelzer, J.K.H. Hoerber!
Microscopy Research and Technique 44:378 (1999)!

k:  wave number	


a:  polarizability	


wo: Gaussian beam waist	


z’:  axial displacement!
z0:  Rayleigh range	
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calibration of position detection!
direct method: with piezo stage!



“wiggle method” 
 

-  no need to fix bead, 

-  done on the same 
bead as used later, 

- can be done in 
media of unknown 
viscoelasticity 



detector response  
around zero  
displacement 



microscope objective transmission curves 

K. C. Neuman et al. , Biophys. J. 77: 2856 (1999) 



Discretely sampled positions 

Fourier transform: 

Frequency/resolution: 

Position power-spectral 
Density: 
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Calibration from fluctuation 
data in viscous solution 



 

! dx
dt

+"x = F(t)

 

F(t) = 0

 

SF ( f ) = F( f ) 2 = 4!kbT

 

x(t) = X( f )
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Langevin eq. for trapped bead:!

Thermal force:!

FT position! FT of dx/dt:!

FT of Langevin eq.!

Corner 
frequency:! Define position PSD:!

Take squared modulus:!

Position PSD:!



Thermal Motion of a Trapped/Tethered Particle

var( x) = x2 ! x 2 =
kBT
"

S( f ) = kBT
# 2$ ( fc

2 + f 2 )

fc =
"

2#$
,        S0 =

4$kBT
" 2

trapped bead attached to motor: var(x) = kBT
" trap +" motor
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Time series:!

Spectrum:	



See: Gittes & Schmidt, 1998, Meth. Cell Biol. 55:129!

(equipartition)!
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S( f ) = S0 f 0
2

f 0
2 + f 2

 

S0 = 4!kbT /"
2

 

f 0 = !
2"#

 

! = 3"#d

Brownian bead in trap:!

 

SV ( f ) = ! 2S( f )

 

PV = ! 2S0 f 0
2

 

! = 3" 3#PV d
kbT

PSD in Volts! High-f plateau!

Calibration factor!

Calibration using the spectral density of Brownian motion!

PSD:!
!
intercept:!
!
corner!
frequency:!
!
drag:!



 

anti-correlated fluctuations of a trapped cell 



spectrum of anti-correlated fluctuations 

response function force fluctuation spectrum 



the optical spanner: spin and orbital angular 
momentum of a laser beam 
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Wave equation: 

Hermite-Gaussian: 

Laguerre-Gaussian: 

Spin (linear, circularly polarized): 

Total angular momentum, exact: 

Collimated beam: 



laser modes:  Hermite-Gaussian, Laguerre-Gaussian 



torque on optical elements changing  
spin and orbital angular momentum of a laser beam 



creating an optical spanner 

Example: 
 
Particle: teflon, 1 µm 
absorbing~2% at 1047 nm 
 
power ~ 25 mW 
 
L = 1 LG mode 
 
f ~ 1Hz 

with: τ = 8πηr3ω	


	


τ = 10-20Nm = 0.1 pN nm 
 
Simpson et al.  
Opt. Lett 22:52 (1997) 



Tetris produced by: !
Theo Pielage, Joost van Mameren, Bram van den Broek 

THE END 




