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Optical trapping
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Since their invention just over 20 years ago, optical traps have emerged as a powerful tool with
broad-reaching applications in biology and physics. Capabilities have evolved from simple
manipulation to the application of calibrated forces on—and the measurement of nanometer-level
displacements of—optically trapped objects. We review progress in the development of optical
trapping apparatus, including instrument design considerations, position detection schemes and
calibration techniques, with an emphasis on recent advances. We conclude with a brief summary of
innovative optical trapping configurations and applications.
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I. INTRODUCTION

Arthur Ashkin pioneered the field of laser-based opt
trapping in the early 1970s. In a series of seminal paper
demonstrated that optical forces could displace and lev
micron-sized dielectric particles in both water and air,1 and
he developed a stable, three-dimensional trap based on
terpropagating laser beams.2 This seminal work eventual
led to the development of the single-beam gradient f
optical trap,3 or “optical tweezers,” as it has come to
known.4 Ashkin and co-workers employed optical trapp
in a wide-ranging series of experiments from the cooling
trapping of neutral atoms5 to manipulating live bacteria an
viruses.6,7 Today, optical traps continue to find applicatio
in both physics and biology. For a recent survey of the
erature on optical tweezers see Ref. 8. The ability to a
picoNewton-level forces to micron-sized particles while
multaneously measuring displacement with nanometer-
precision(or better) is now routinely applied to the study
molecular motors at the single-molecule level,9–19 the phys
ics of colloids and mesoscopic systems,20–29 and the me
chanical properties of polymers and biopolymers.18,20,30–43In
parallel with the widespread use of optical trapping, theo
ical and experimental work on fundamental aspects of
cal trapping is being actively pursued.4,20,44–48In addition to
the many excellent reviews of optical trapping9,49–53and spe
cialized applications of optical traps, several comprehen
guides for building optical traps are now available.54–60 For
the purpose of this review, we will concentrate on the fun
mental aspects of optical trapping with particular emph
on recent advances.

Just as the early work on optical trapping was m
possible by advances in laser technology,4 much of the recen
progress in optical trapping can be attributed to further t
nological development. The advent of commercially av
able, three-dimensional(3D) piezoelectric stages with c
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pacitive sensors has afforded unprecedented control o
position of a trapped object. Incorporation of such stages
optical trapping instruments has resulted in higher sp
precision and improved calibration of both forces and
placements. In addition, stage-based force clamping
niques have been developed that can confer certain a
tages over other approaches of maintaining the force, su
dynamically adjusting the position or stiffness of the opt
trap. The use of high-bandwidth position detectors61 im-
proves force calibration, particularly for very stiff traps, a
extends the detection bandwidth of optical trapping mea
ments. In parallel with these technological improveme
recent theoretical work has led to a better understandin
3D position detection62–64 and progress has been made
calculating the optical forces on spherical objects wit
range of sizes.65,66

II. PRINCIPLES OF OPTICAL TRAPPING

An optical trap is formed by tightly focusing a las
beam with an objective lens of high numerical aper
(NA). A dielectric particle near the focus will experienc
force due to the transfer of momentum from the scatterin
incident photons. The resulting optical force has tradition
been decomposed into two components:(1) a scattering
force, in the direction of light propagation and(2) a gradien
force, in the direction of the spatial light gradient. This
composition is merely a convenient and intuitive mean
discussing the overall optical force. Following tradition,
present the optical force in terms of these two compon
but we stress that both components arise from the very
underlying physics(see theoretical progress, below for a u
fied expression). The scattering component of the force is
more familiar of the two, which can be thought of as a p
ton “fire hose” pushing the bead in the direction of li
propagation. Incident light impinges on the particle from
direction, but is scattered in a variety of directions, w

some of the incident light may be absorbed. As a result, there
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is a net momentum transfer to the particle from the inci
photons. For an isotropic scatter, the resulting forces ca
in all but the forward direction, and an effective scatte
cross section can be calculated for the object. For most
ventional situations, the scattering force dominates. H
ever, if there is a steep intensity gradient(i.e., near the focu
of a laser), the second component of the optical force,
gradient force, must be considered. The gradient force, a
name suggests, arises from the fact that a dipole in an
mogeneous electric field experiences a force in the dire
of the field gradient.67 In an optical trap, the laser induc
fluctuating dipoles in the dielectric particle, and it is the
teraction of these dipoles with the inhomogeneous ele
field at the focus that gives rise to the gradient trap
force. The gradient force is proportional to both the pola
ability of the dielectric and the optical intensity gradien
the focus.

For stable trapping in all three dimensions, the axial
dient component of the force pulling the particle towards
focal region must exceed the scattering component o
force pushing it away from that region. This condition nec
sitates a very steep gradient in the light, produced by sh
focusing the trapping laser beam to a diffraction-limited s
using an objective of high NA. As a result of this bala
between the gradient force and the scattering force, the
equilibrium position of a trapped particle is located sligh
beyond (i.e., down-beam from) the focal point. For sma
displacementss,150 nmd, the gradient restoring force
simply proportional to the offset from the equilibrium po
tion, i.e., the optical trap acts as Hookean spring whose
acteristic stiffness is proportional to the light intensity.

In developing a theoretical treatment of optical trapp
there are two limiting cases for which the force on a sp
can be readily calculated. When the trapped sphere is
larger than the wavelength of the trapping laser, i.e., th
dius sad@l, the conditions for Mie scattering are satisfi
and optical forces can be computed from simple ray o
(Fig. 1). Refraction of the incident light by the sphere co
sponds to a change in the momentum carried by the ligh
Newton’s third law, an equal and opposite momen
change is imparted to the sphere. The force on the sp
given by the rate of momentum change, is proportional to
light intensity. When the index of refraction of the particle
greater than that of the surrounding medium, the op
force arising from refraction is in the direction of the int
sity gradient. Conversely, for an index lower than that of
medium, the force is in the opposite direction of the inten
gradient. The scattering component of the force arises
both the absorption and specular reflection by the tra
object. In the case of a uniform sphere, optical forces ca
directly calculated in the ray-optics regime.68,69The extrema
rays contribute disproportionally to the axial gradient fo
whereas the central rays are primarily responsible for
scattering force. Thus, expanding a Gaussian laser be
slightly overfill the objective entrance pupil can increase
ratio of trapping to scattering force, resulting in improv
trapping efficiency.69,70 In practice, the beam is typically e
panded such that the 1/e2 intensity points match the obje

tive aperture, resulting in,87% of the incident power enter-

Downloaded 14 Sep 2004 to 129.132.214.34. Redistribution subject to AIP
l

-

e
-

y

l

r-

h
-

e,

l

d
e

to

ing the objective. Care should be exercised when overfi
the objective. Absorption of the excess light by the block
aperture can cause heating and thermal expansion of th
jective, resulting in comparatively larges,mmd axial mo-
tions when the intensity is changed. Axial trapping efficie
can also be improved through the use of “donut” mode
ping beams, such as the TEM01

* mode or Laguerre-Gaussi
beams, which have intensity minima on the optical prop
tion axis.69,71–73

When the trapped sphere is much smaller than the w
length of the trapping laser, i.e.,a!l, the conditions fo
Raleigh scattering are satisfied and optical forces can b
culated by treating the particle as a point dipole. In this
proximation, the scattering and gradient force compon
are readily separated. The scattering force is due to ab
tion and reradiation of light by the dipole. For a sphere
radiusa, this force is

Fscatt=
I0snm

c
, s1d

s =
128p5a6

3l4 Sm2 − 1

m2 + 2
D2

, s2d

whereI0 is the intensity of the incident light,s is the scat
tering cross section of the sphere,nm is the index of refrac
tion of the medium,c is the speed of light in vacuum,m is
the ratio of the index of refraction of the particle to the in

FIG. 1. Ray optics description of the gradient force.(A) A transparent bea
is illuminated by a parallel beam of light with an intensity gradient incr
ing from left to right. Two representative rays of light of different intens
(represented by black lines of different thickness) from the beam are show
The refraction of the rays by the bead changes the momentum of the
tons, equal to the change in the direction of the input and output
Conservation of momentum dictates that the momentum of the bead ch
by an equal but opposite amount, which results in the forces depict
gray arrows. The net force on the bead is to the right, in the direction
intensity gradient, and slightly down.(B) To form a stable trap, the lig
must be focused, producing a three-dimensional intensity gradient. I
case, the bead is illuminated by a focused beam of light with a radial
sity gradient. Two representative rays are again refracted by the bead
change in momentum in this instance leads to a net force towards the
Gray arrows represent the forces. The lateral forces balance each ot
and the axial force is balanced by the scattering force(not shown), which
decreases away from the focus. If the bead moves in the focused bea
imbalance of optical forces will draw it back to the equilibrium positio
of the mediumsnp/nmd, andl is the wavelength of the trap-
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ping laser. The scattering force is in the direction of pro
gation of the incident light and is proportional the intens
The time-averaged gradient force arises from the intera
of the induced dipole with the inhomogeneous field

Fgrad=
2pa

cnm
2 ¹ I0, s3d

where

a = nm
2 a3Sm2 − 1

m2 + 2
D s4d

is the polarizability of the sphere. The gradient force is
portional to the intensity gradient, and points up the grad
whenm.1.

When the dimensions of the trapped particle are com
rable to the wavelength of the trapping lasersa,ld, neither
the ray optic nor the point-dipole approach is valid. Inst
more complete electromagnetic theories are required to
ply an accurate description.74–80 Unfortunately, the majorit
of objects that are useful or interesting to trap, in prac
tend to fall into this intermediate size ranges0.1–10ld. As a
practical matter, it can be difficult to work with objec
smaller than can be readily observed by video micros
s,0.1 mmd, although particles as small as,35 nm in diam
eter have been successfully trapped. Dielectric microsp
used alone or as handles to manipulate other objects are
cally in the range of,0.2–5mm, which is the same siz
range as biological specimens that can be trapped dir
e.g., bacteria, yeast, and organelles of larger cells. Wh
some theoretical progress in calculating the force on a sp
in this intermediate size range has been made recentl65,66

the more general description does not provide further in
into the physics of optical trapping. For this reason we p
pone discussion of recent theoretical work until the en
the review.

III. DESIGN CONSIDERATIONS

Implementing a basic optical trap is a relatively straig
forward exercise(Fig. 2).55,58 The essential elements are
trapping laser, beam expansion and steering optics, a
NA objective, a trapping chamber holder, and some mea
observing the trapped specimen. Optical traps are most
built by modifying an inverted microscope so that a la
beam can be introduced into the optical path before the
jective: the microscope then provides the imaging, trap
chamber manipulation, and objective focus functions.
anything beyond simply trapping and manually manipula
objects, however, additional elements become necessar
namic control of trap position and stiffness can be achie
through beam steering and amplitude modulation elem
incorporated in the optical path before the laser beam e
the objective. Dynamic control over position and stiffnes
the optical trap has been exploited to implement posi
and force-clamp systems. Position clamps, in which the
sition of a trapped object is held constant by varying
force, are well suited for stall force measurements of mol
lar motors.39,49,81–83Force clamps, in which the force on

trapped object is fixed by varying the position of the trap, are
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well suited for displacement measurements.49,56,81,84,85Incor-
poration of a piezoelectric stage affords dynamic positio
of the sample chamber relative to the trap, and greatly fa
tates calibration. Furthermore, for the commonly emplo
geometry in which the molecule of interest is attached
tween the surface of the trapping cell and a trapped
“handle,” piezoelectric stages can be used to generate a
clamp.86–88 The measurement of force and displacem
within the optical trap requires a position detector, and
some configurations, a second, low power laser for detec
We consider each of these elements in detail.

A. Commercial systems

Commercial optical trapping systems with some lim
capabilities are available. Cell Robotics89 manufactures
laser-trapping module that can be added to a number o
verted microscopes. The module consists of a 1.5 W d

FIG. 2. Layout of a generic optical trap. The laser output beam us
requires expansion to overfill the back aperture of the objective. F
Gaussian beam, the beam waist is chosen to roughly match the ob
back aperture. A simple Keplerian telescope is sufficient to expand the
(lensesL1 andL2). A second telescope, typically in a 1:1 configuration
used for manually steering the position of the optical trap in the spec
plane. If the telescope is built such that the second lens,L4, images the firs
lens, L3, onto the back aperture of the objective, then movement oL3
moves the optical trap in the specimen plane with minimal perturbati
the beam. Because lensL3 is optically conjugate(conjugate planes are i
dicated by a cross-hatched fill) to the back aperture of the objective, mot
of L3 rotates the beam at the aperture, which results in translation
specimen plane with minimal beam clipping. If lensL3 is not conjugate t
the back aperture, then translating it leads to a combination of rotatioand
translation at the aperture, thereby clipping the beam. Additionally, cha
the spacing betweenL3 and L4 changes the divergence of the light t
enters the objective, and the axial location of the laser focus. ThuL3
provides manual three-dimensional control over the trap position. The
light is coupled into the objective by means of a dichroic mirrorsDM1d,
which reflects the laser wavelength, while transmitting the illumina
wavelength. The laser beam is brought to a focus by the objective, fo
the optical trap. For back focal plane position detection, the position de
is placed in a conjugate plane of the condenser back aperture(condenser iri
plane). Forward scattered light is collected by the condenser and co
onto the position detector by a second dichroic mirrorsDM2d. Trapped
objects are imaged with the objective onto a camera. Dynamic contro
the trap position is achieved by placing beam-steering optics in a con
plane to the objective back aperture, analogous to the placement of th
steering lens. For the case of beam-steering optics, the point about wh
beam is rotated should be imaged onto the back aperture of the obje
pumped Nd:YVO4 lasersl=1064 nmd with electronic inten-
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sity control, and all of the optics needed to both couple
laser into the microscope and manually control the pos
of the trap in the specimen plane. The same module is i
porated into the optical tweezers workstation, which inclu
a microscope, a motorized stage and objective focus, v
imaging, and a computer interface. Arryx Incorporate90

manufactures a complete optical trapping workstation
includes a 2 W diode pumped solid-state lasersl=532 nmd,
holographic beam shaping and steering, an inverted m
scope, a motorized stage, and computer control. Hologra
beam shaping provides control over the phase of the trap
laser,91,92 which allows multiple, individually addressab
optical traps in addition to high order, complex trapp
beams. An integrated optical trap is also available f
PALM Microlaser Technologies,93 either alone or incorpo
rated with their microdissection system. The PALM sys
employs an infrared trapping laser and computer contr
the stage, similar to the other optical trapping systems.
commercial systems tend to be expensive, but they
turnkey convenience at the price of flexibility and cont
None of the systems currently comes equipped with pos
detection capabilities beyond video imaging, and only
(Arryx) provides dynamic control over the trap position,
with an unknown update rate(,5 Hz or less). Overall, thes
systems are adequate for positioning and manipulating
jects but are incapable, without further modifications, of
trasensitive position or force measurements. As comme
systems become increasingly sophisticated and vers
they may eventually offer an “off-the-shelf” option for so
optical trapping applications. In deciding between a com
cial or custom-built optical trap, or among commercial s
tems, several factors should be considered. Basic con
ations include cost, maximum trap force and stiffness, ch
of laser wavelength(important for biological samples),
specimen or trap positioning capability, optical imag
modes, position-detection capabilities, and sample geom
In addition, flexibility and the possibility to upgrade or i
prove aspects of the system should also be considered
easily can the optical system be modified or adapted?
the functionality be upgraded? Perhaps the most fundam
question concerns the decision to buy or to build. Whe
building a basic optical trap is now standard practice in m
labs, it requires a certain familiarity with optics and opt
components(in relation to the complexity of the optic
trap), as well as a significant time investment for the des
construction, and debugging phases. These factors sho
weighed against the potential benefits of reduced cos
creased flexibility and greater control of home-built opt
traps.

B. Trapping laser

The basic requirement of a trapping laser is that it de
ers a single mode output(typically, Gaussian TEM00 mode)
with excellent pointing stability and low power fluctuatio
A Gaussian mode focuses to the smallest diameter
waist and will therefore produce the most efficient, harm
trap. Pointing instabilities lead to unwanted displacemen
the optical trap position in the specimen plane, whe

power fluctuations lead to temporal variations in the optical
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trap stiffness. Pointing instability can be remedied by c
pling the trapping laser to the optical trap via an optical fi
or by imaging the effective pivot point of the laser point
instability into the front focal plane of the objective. Both
these solutions however, trade reduced pointing sta
against additional amplitude fluctuations, as the fiber
pling and the clipping by the back aperture of the microsc
objective depend on beam pointing. Thus, both power
pointing fluctuations introduce unwanted noise into any t
ping system. The choice of a suitable trapping laser ther
depends on several interdependent figures of merit(power,
power stability, pointing stability, thermal drift, waveleng
mode quality, etc.).

Output power of the trapping laser and the throughp
the optical system will determine the maximum attain
stiffness and force. As discussed above, trapping force
pend on multiple parameters and are difficult to calculat
most conditions of practical interest. Generally speak
maximum trapping forces on the order of 1 pN per 10
of power delivered to the specimen plane can be ach
with micron-scale beads.9 As a specific example, trapping
0.5 mm polystyrenesn=1.57d sphere in water with a TEM00

1064 nm laser that overfills a 1.2 NA objective by,10%
(1/e2 intensity points matched to the aperture radius), gives a
stiffness of 0.16 pN/nm per W of power in the specim
plane. In practice, laser power levels can range from a
mW to a Watt or more in the specimen plane, dependin
details of the laser and setup, objective transmittance, an
desired stiffness.

Wavelength is an important consideration when biol
cal material is trapped, particularly forin vivo trapping of
cells or small organisms.94 There is a window of relativ
transparency in the near infrared portion of the spec
s,750–1200 nmd, located in the region between the
sorption of proteins in the visible and the increasing
sorption of water towards the infrared.9 Substantial varia
tion with wavelength of optical damage to biologi
specimens is observed even within the near infrared
gion sFig. 3d, with damage minima occurring at 970 a

95–97

FIG. 3. The wavelength dependence of photodamage inE. coli compared to
Chinese hamster ovary(CHO) cells. (Solid circles and solid line, left axi
half lethal dose time forE. coli cells sLD50d; open circles and dashed lin
right axis, cloning efficiency in CHO cells determined by Lianget al. (Ref.
96) (used with permission). Lines represent cubic spline fits to the data). The
cloning efficiency in CHO cells was determined after 5 min of trappin
88 mW in the specimen plane(error bars unavailable), selected to close
match to our experimental conditions(100 mW in the specimen plane,
rors shown as ± standard error in the mean). Optical damage is minimized
830 and 970 nm for bothE. coli and CHO cells, whereas it is most sever
the region between 870 and 930 nm(reprinted from Ref. 95).
830 nm for bacterial cells ofEscherichia coli. If dam-
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age or “opticution”98 of biological specimens is not a co
cern, then the choice of wavelength becomes less critica
the potential effects of heating resulting from light abso
tion by the medium or the trapped particle should certa
be considered.99–101 The optimal choice of trapping wav
length will also depend on the transmission of the objec
used for optical trappingsdiscussed belowd, as well as th
output power available at a given wavelength.

In practice, a variety of lasers has been employed
optical trapping. The factors discussed above, along
the cost, will determine the final selection of a trapp
laser. The laser of choice for working with biologic
samples is currently the neodymium:yttrium–aluminu
garnetsNd:YAGd laser and its close cousins, neodymiu
yttrium–lithium–fluoride sNd:YLFd, and neodymium
yttrium–orthovanadatesNd:YVO4d. These lasers operate
the near infrared region of the spectrum at 1.047, 1.05
1.064mm, which helps to limit optical damage. Dio
pumped versions of these lasers offer high power(up to
10 W or even more) and superior amplitude and pointi
stability. An additional advantage of diode-pumped so
state (DPSS) lasers is that the noise and heat of the l
power supply can be physically isolated from the laser i
and the immediate region of the optical trap. The outpu
the pump diodes can be delivered to the laser head v
optical fiber bundle, in some cases up to 10 m in length.
main drawback of such DPSS lasers is their cost, curr
on the order of$5–10 K per W of output power. Diod
lasers afford a lower-cost alternative in a compact pac
and are available at several wavelengths in the near infr
but these devices are typically limited to less than,250 mW
in a single-transverse mode, the mode required for effi
trapping. Diode lasers also suffer significantly from m
instabilities and noncircular beams, which necessi
precise temperature control instrumentation and addit
corrective optics. By far the most expensive laser op
is a tunable cw titanium:sapphiresTi:sapphired laser
pumped by a DPSS laser, a system that delivers high p
s,1 Wd over a large portion of the near infrared spect
s,750–950 nmd, but at a current cost in excess of$100 K.
The large tuning range is useful for parametric studie
optical trapping, to optimize the trapping wavelength, o
investigate the wavelength-dependence of optical dama95

A Ti:sapphire laser is also employed for optical trappinin
vivo94 since it is the only laser currently available that
deliver over,250 mW at the most benign wavelengths(830
and 970 nm).95

In optical trapping applications where no biological m
terials will be trapped, any laser source that meets the
criteria of adequate power in the specimen plane, suffi
pointing and amplitude stability, and a Gaussian inten
profile, may be suitable. Optical traps have been built b
on argon ion,3 helium-neon,102 and diode laser sources,103,104

to name a few. The DPSS lasers employed in our lab
biological work supply,4 W of power at 1064 nm wit
power fluctuations below 1% –2% and a long-term poin

stability of ±50mrad.
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C. Microscope

Most optical traps are built around a conventional l
microscope, requiring only minor modifications. This
proach reduces the construction of an optical trap to th
coupling the light from a suitable trapping laser into the
tical path before the objective without compromising
original imaging capabilities of the microscope. In pract
this is most often achieved by inserting a dichroic mir
which reflects the trapping laser light into the optical pat
the microscope but transmits the light used for micros
illumination. Inverted, rather than upright, microscopes
often preferred for optical trapping because their stag
fixed and the objective moves, making it easier to couple
trapping light stably. The use of a conventional microsc
also makes it easier to use a variety of available ima
modalities, such as differential interference contrast and
fluorescence.

With more extensive modifications, a position dete
can be incorporated into the trapping system. This invo
adding a second dichroic mirror on the condenser side o
microscope, which reflects the laser light while transmit
the illuminating light. In order to achieve the mechan
stability and rigidity required for nanometer scale posi
measurements, more extensive modifications of the m
scope are generally required.50,59 In the current generation
optical traps, the rotating, multiobjective turret is conv
tionally replaced with a custom-built single objective hol
along with a mount for the dichroic mirror. The origin
stage is removed and the microscope is modified to ac
modate a more substantial stage platform, holding a cro
roller bearing stage(for coarse movement) mounted to a pi
ezoelectric stage with feedback(for fine movement). Finally,
the condenser assembly is attached to a fine focus tran
(similar to that used for the objective) that is then mounted
the illumination column by a rigid aluminum beam.59

An alternative to the redesign and retrofitting of a c
mercial microscope is to build the entire optical trap fr
individual optical components.57,103,104 This approach i
slightly more involved, as the entirety of the imaging
trapping optical paths have to be designed and built.
increase in complexity, however, can be offset by incre
flexibility in the design and a wider choice of compone
greater access to the optical paths, and reduced cost.

D. Objective

The single most important element of an optical tra
the objective used to focus the trapping laser. The choi
objective determines the overall efficiency of the opt
trapping system(stiffness versus input power), which is a
function of both the NA and the transmittance of the ob
tive. Additionally, the working distance and the immers
medium of the objective(oil, water, or glycerol) will set
practical limits on the depth to which objects can be trap
Spherical aberrations, which degrade trap performance
proportional to the refractive index mismatch between
immersion medium and the aqueous trapping medium.
deleterious effect of these aberrations increases with

depth. The working distance of most high NA oil immersion
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objectives is quite shorts,0.1 mmd, and the large refractiv
index mismatch between the immersion oilsn=1.512d and
the aqueous trapping mediumsn,1.32d leads to significan
spherical aberrations. In practice, this limits the maxim
axial range of the optical trap to somewhere between 5
20 mm from the coverglass surface of the trapp
chamber.104 Trapping deeper into solution can be achie
with water immersion objectives that minimize spher
aberration105 and which are available with longer worki
distances. A high NA objective(typically, 1.2–1.4 NA) is
required to produce an intensity gradient sufficient to o
come the scattering force and produce a stable optica
for microscopic objects, such as polystyrene beads. The
majority of high NA objectives are complex, multielem
optical assemblies specifically designed for imaging vis
light, not for focusing an infrared laser beam. For this rea
the optical properties of different objectives can vary wid
over the near infrared region(Fig. 4).9,95 Generally speaking
objectives designed for general fluorescence microscop
play superior transmission over the near infrared comp
to most general-purpose objectives, as do infrared-rate
jectives specifically produced for use with visible and n
infrared light(Table I). Given the wide variation in transmi
sion characteristics for different objectives, an objective
ing considered for optical trapping should be characteriz
the wavelength of the trapping light. Manufacturers ra
supply the transmission characteristics of objectives ou
the visible portion of the spectrum. When transmission c
acteristics in the near infrared are provided, the figures
represent an overestimate, since the throughput of the o
tive is often measured using an integrating sphere, w

TABLE I. Transmission of microscope objectives, cross-referenced w

Part No. Manufacturer

Magnification/
Tube length(mm)/
Numerical aperture Type d

461832 Zeiss 63/160/1.2 Water Plan
506038 Leica 100/̀ /1.4-0.7 Oil Plan
85020 Nikon 60/160/1.4 Oil Pla
93108 Nikon 60/̀ /1.4 Oil Plan Ap
93110 Nikon 100/̀ /1.4 Oil Plan Ap
93110IR Nikon 100/̀ /1.4 Oil Plan Apo
93144 Nikon 100/̀ /1.3 Oil Plan Flu

FIG. 4. Microscope objective transmission curves. Transmission mea
ments were made by means of the dual-objective method. Part numb
cross-referenced in Table I. The uncertainty associated with a measu
at any wavelength is,5% (reprinted from Ref. 95).
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also registers scattered light that is not well focused,
hence does not contribute to trapping. To measure the
tive transmission of a high NA objective accurately, the d
objective method is preferred,9,95,106in which two identical
matched objectives are used to focus and then recollima
laser beam(the transmission of a single objective is
square root of the transmission for the objective pair). Fur-
thermore, because the transmission may depend on th
gree to which light is bent, the laser beam should be
panded to fill the objective rear aperture. It should be n
that the extremely steep focusing produced by high NA
jectives can lead to specular reflection from surfaces a
specimen plane, so simply measuring the throughput o
objective by placing the probe of a power meter directl
front of the objective lens results in an underestimation o
transmission. This approach is not recommended.

E. Position detection

Sensitive position detection lies at the heart of quan
tive optical trapping, since nanoscale measurements of
force and displacement rely on a well-calibrated system
determining position. Position tracking of irregularly sha
objects is feasible, but precise positionand force calibration
are currently only practical with spherical objects. For
purpose, microscopic beads are either used alone, or att
to objects of interest as “handles,” to apply calibrated for
The position detection schemes presented here were p
rily developed to track microscopic silica or polystyre
beads. However, the same techniques may be applied to
other objects, such as bacterial cells.107–109

1. Video based position detection
For simple imaging of a trapped particle, a video cam

mounted to the camera port of the microscope(or elsewhere)
often suffices. By digitally processing the signal acqu
from the camera, and knowing the size subtended by a s
pixel (e.g., by calibrating the video picture against a dista
standard, such as a ruled objective micrometer), the position
of a trapped object can be determined with subpixel accu
(typically, to within ,5 nm or better), using any of sever
centroid-finding algorithms.110–112Video tracking of trappe
objects using such algorithms has been implemented in
time,113,114but this approach is restricted to video acquisi
rates (typically ,25–120 Hz), and the precision is ult
mately limited by video timing jitter(associated with fram
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acquisition) or variations in illumination. In principle, tem
poral resolution could be improved through the use of
speed video cameras. Burst frame rates in excess of 40
can be achieved with specialized complementary metal o
semiconductor(CMOS) cameras, for example. However,
usefulness of high speed cameras can be limited by com
speed or memory capacity. Current CPU speed limits
time position tracking to,500 Hz,115 while practical storag
considerations limit the number of high-resolution fram
that can be stored to,105, which corresponds to less th
2 min of high-speed video at 1 kHz. Even if these tech
logical hurdles are overcome, high-speed video trackin
ultimately limited by the number of recorded photons(since
shorter exposures require more illumination), so spatial reso
lution decreases as the frame rate increases. Generally
ing, the signal-to-noise ratio is expected to decrease a
square root of the frame rate. The discrepancy betwee
low video bandwidths,100 Hzd and the much higher intrin
sic bandwidth of even a relatively weak optical t
s,kHzd results in aliasing artifacts, and these preclude
implementation of many of the most effective calibrat
methods. Furthermore, video-based methods are not
suited to the measurement of therelative position of an
object with respect to the trap center, further complica
force determination.

2. Imaging position detector
Several alternative(nonvideo) methods have been dev

oped that offer precise, high-bandwidth position detectio
trapped objects. The simplest of these is to image directl
trapped object onto a quadrant photodiode(QPD).56,116,117

The diode quadrants are then summed pairwise, and d
ential signals are derived from the pairs for bothx and y
dimensions. If desired, the differential signals can be nor
ized by the sum signal from the four quadrants to reduc
dependence of the output on the total light intensity. D
imaging of a trapped particle is typically restricted to a sm
zone within the specimen plane, and requires careful coa
ment of the trap with the region viewed by the detec
Moreover, the high magnification required to achieve g
spatial resolution results in comparatively low light level
the QPD, ultimately limiting bandwidth and noise perf
mance.49,50 The latter limitation has been addressed by
use of a diode laser operating just below its lasing thres
acting as a superbright, incoherent illumination source.56 Im-
aging using laser illumination is considered impractical
cause of the speckle and interference that arise from coh
illumination over an extended region. Various laser ph
randomization approaches may relieve this restriction,
these typically carry additional disadvantages, most ofte
duced temporal bandwidth.

3. Laser-based position detection
Laser-based position detection is appealing, becaus

possible to use a single laser for both trapping and pos
detection. Unlike the imaging detector scheme descr
above, laser-based detection requires the incorporation
dichroic mirror on the condenser side of the microscop

couple out the laser light scattered by the specimen. Furthe
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more, the detector and its associated optics(lens, filters)
must be stably mounted on(or next to) the condenser
collect the output light. Two different laser-based posi
detection schemes have been developed. The first reli
polarization interferometry.9,49,50,118,119This method is quit
analogous to differential interference contrast(DIC) micros-
copy, and it relies on a subset of the DIC imaging com
nents within the microscope. Incoming plane polarized l
light is split by a Wollaston prism into two orthogonal pol
izations that are physically displaced from one another. A
passing through the specimen plane, the beams are r
bined in a second Wollaston prism and the polarization
of the recombined light is measured. A simple polarim
consists of a quarter wave plate(adjusted so that plan
polarized light is transformed into circularly polarized lig)
followed by a polarizing beam splitter. The intensity in e
branch of the beam splitter is recorded by a photodiode
the normalized differential diode signal supplies the pola
tion state of the light. A bead centered in the trap introd
an equal phase delay in both beams, and the recom
light is therefore plane polarized. When the bead is displ
from its equilibrium position, it introduces a relative ph
delay between the two beams, leading to a slight ellip
polarization after the beams are recombined. The ellipt
of the recombined light can be calibrated against phy
displacement by moving a bead a known distance thr
the optical trap. This technique is extraordinarily sensitiv118

and is, in theory, independent of the position of the trap
object within the specimen plane, because the trapping
detection laser beams are one and the same, and the
intrinsically aligned. In practice, however, there is a lim
range over which the position signal is truly independen
the trap position. A further limitation of this technique is t
it is one dimensional: it is sensitive to displacement along
Wollaston shear axis, providing position detection in a si
lateral direction.

A second type of laser-based position detec
scheme—back focal plane detection—relies on the inte
ence between forward-scattered light from the bead an
scattered light.59,64,120–122The interference signal is mon
tored with a QPD positioned along the optical axis at a p
conjugate to the back focal plane of the condenser(rather
than at an imaging plane conjugate to the specimen). The
light pattern impinging on the QPD is then converted
normalized differential output in both lateral dimensions
described above. By imaging the back focal plane of
condenser, the position signal becomes insensitive to
lute bead position in the specimen plane, and sensitiv
stead to the relative displacement of the bead from the
beam axis.120As with the polarization interferometer, the d
tection beam and the optical trap are intrinsically align
however the QPD detection scheme can supply positio
formation in both lateral dimensions.

Laser-based position detection schemes have
been implemented with a second, low-power detec
laser.49,50,59,81The experimental complication of having
combine, spatially overlap, and then separate the trap
and detection beams is frequently outweighed by the ad

r-tages conferred by having an independent detection laser.
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Uncoupling trapping and detection may become neces
for example, when there are multiple traps produced in
specimen plane, or if the absolute position of a bead is
relevant measure, rather than the relative position of a
from the optical trap. When dynamic position control of
optical trap is implemented(see below), a separate detectio
laser permits rapid position calibration of each trapped
ticle, and greatly simplifies position measurements in s
tions in which the trap is being moved.50 The choice of a
laser for position sensing is less constrained than that
trapping laser, and only a few mW of output power suf
for most detection schemes. The total power should be
as low as feasible to prevent the detection light from ge
ating significant optical forces itself, thereby perturbing
trap. A detection laser wavelength chosen to match the
sensitivity of the photodetector will minimize the amoun
power required in the specimen plane. Separating the d
tion and trapping wavelengths facilitates combining
separating the two beams, but increases the constrain
the dichroic mirror that couples the laser beams into the
croscope. We have found that combining two beams of s
lar wavelength is most easily accomplished with a polari
beamsplitter, i.e., the beams are orthogonally plane pola
and combined in the polarizer before entering the mi
scope. Since the trapping and detection wavelengths
closely spaced, a single reflection band on the couplin
chroic mirror suffices to couple both beams into and ou
the microscope. A holographic notch filter in front of
position detector provides,6 orders of magnitude of reje
tion at the trapping wavelength, permitting isolation
measurement of the much less intense detection beam

4. Axial position detection
The detection schemes described above were deve

to measure lateral displacement of objects within the s
men plane, a major focus of most optical trapping w
Detecting axial motion within the optical trap has rarely b
implemented and has not been as well characterized
recently. Axial motion has been determined by: measu
the intensity of scattered laser light on an overfi
photodiode;123–126 through two-photon fluorescence gen
ated by the trapping laser;127–130 and by evanescent-wa
fluorescence at the surface of a coverglass.131,132 Although
these various approaches all supply a signal related to
position, they require the integration of additional detec
and, in some cases, fluorescence capability, into the o
trapping instrument. This can be somewhat cumbers
consequently the techniques have not been widely ado
The axial position of a trapped particle can also be d
mined from the total laser intensity in the back focal plan
the condenser.62,64The axial position signal derives from t
interference between light scattered by the trapped pa
and the unscattered beam. On passing through a focu
laser light accumulates a phase shift ofp, known as the
Gouy phase.133 The axial phase shift is given bycszd
=tan−1sz/z0d, where z0 is the Rayleigh range(z0=pw0

2/l,
wherew0 is the beam waist andl is the wavelength of light),
andz is the axial displacement from the focus.133 Light scat-

tered by a particle located near the focus will preserve the
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phase that it acquired prior to being scattered, wherea
scattered light will accumulate the full Gouy phase shif
p. The far-field interference between the scattered and
scattered light gives rise to an axial position-dependen
tensity, which can be measured, for example, at the
focal plane of the condenser(see below and Fig. 8). This is
the axial counterpart, in fact, of the lateral interference si
described above. Axial position detection can be achi
through a simple variant of quadrant photodiode-based
eral position detection. Recording the total incident inten
on the position detector supplies the axial position of trap
particle relative to the laser focus.63,64 In contrast to latera
position detection, axial position detection is inversely
portional to the NA of the detector.62,63When a single dete
tor is used to measure both lateral and axial position si
taneously, an intermediate detector NA should be use
obtain reasonable sensitivity in all three dimensions.

5. Detector bandwidth limitations
Position detection based on lasers facilitates high b

width recording because of the high intensity of light in
dent on the photodetector. However, the optical absorpti
silicon decreases significantly beyond,850 nm, therefor
position sensing by silicon-based photodetectors is intr
cally bandwidth limited in the near infrared.61,134 Berg-
Sørenson and co-workers134 demonstrated that the electri
response of a typical silicon photodiode to infrared light c
sists of both a fast and a slow component. The fast co
nent results from optical absorption in the depletion regio
the diode, where the optically generated electron hole
are rapidly swept to the electrodes. This represents th
tended behavior of the diode, and is valid at wavelengths
are readily absorbed by the active material, i.e.,l,
,1 mm. At longer wavelengths, however, a slow compon
also appears in the diode response, due to absorption o
beyond the depletion region. Electron–hole pairs gene
in this zone must diffuse into the depletion region be
flowing on to the electrodes, a much slower process. Infr
light is poorly absorbed by silicon, resulting in a grea
proportion of the incident light being absorbed beyond
depletion region, increasing the relative contribution of
slow component. Thus, the output of the diode effecti
becomes lowpass filtered(f3dB,8–9 kHz at 1064 nm) in an
intensity-, wavelength-, and reverse bias-depen
manner.134 In principle, the effect of this lowpass filterin
could be calculated and compensated, but in practice
approach is complicated by the intensity dependence o
parasitic filtering. One workaround would be to emplo
detection laser at a wavelength closer to the absorption m
mum of silicon, i.e., shorter than,850 nm. Two other solu
tions include using nonsilicon-based detectors emplo
different photoactive materials, or using silicon-based ph
detectors with architectures that minimize the parasitic fi
ing. Peterman and co-workers measured the waveleng
pendence of parasitic filtering in a standard silicon-b
detector. They also reported an increased bandwidth at w
lengths up to 1064 nm for an InGaAs diode as well as f
specialized, fully depleted silicon detector.61 We have found

that one commercial position sensitive detector(PSD) (Pa-
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cific Silicon Detectors, which supplies output signals sim
to those from a QPD, although operating on a different p
ciple), does not suffer from parasitic filtering belo
,150 kHz with 1064 nm illumination(Fig. 5).

F. Dynamic position control

Precise, calibrated lateral motion of the optical trap
the specimen plane allows objects to be manipulated
moved relative to the surface of the trapping chamber. M
significantly, dynamic computer control over the position
stiffness of the optical trap allows the force on a trap
object to be varied in real time, which has been exploite
generate both force and position clamp measure
conditions.50,81Additionally, if the position of the optical tra
is scanned at a rate faster than the Brownian relaxation
of a trapped object, multiple traps can be created by
sharing a single laser beam.49 We consider below the diffe
ent beam-steering strategies.

1. Scanning mirrors
Traditional galvanometer scanning mirrors benefi

from the incorporation of feedback to improve stability a
precision. Current commercial systems operate at 1–2
with step response times as short as 100ms, and with 8mrad
repeatability. The comparatively slow temporal response
its their usefulness for fast-scanning applications, but
low insertion loss and large deflection angles make the
low-cost option for slow-scanning and feedback applicati
Recent advances in feedback-stabilized piezoelectric(PZ)
systems have resulted in the introduction of PZ scan
mirrors. For the time being, PZ mirrors represent on

FIG. 5. Comparison of position detector frequency response at 106
Normalized frequency dependent response for a silicon quadrant phot
(QPD) (QP50–6SD, Pacific Silicon Sensor) (open circles), and a position
sensitive detector(PSD), (DL100–7PCBA, Pacific Silicon Sensor) (solid
circles). 1064 nm laser light was modulated with an acousto-optic modu
and the detector output was recorded with a digital sampling scope
response of the QPD was fit with the function:g2+s1−g2df1+sf / f0d2g−1,
which describes the effects of diffusion of electron-hole pairs created
side the depletion layer(Ref. 134), whereg is the fraction of light absorbe
in the diode depletion layer andf0 is the characteristic frequency associa
with light absorbed beyond the depletion layer. The fit returned anf0 value
of 11.1 kHz and ag parameter of 0.44, which give an effectivef3dB of
14.1 kHz, similar to values found in Ref. 134 for silicon detectors. The
response was not well fit by a single pole filter response curve. The
response, in contrast, was fit by a single pole filter function, returni
rolloff frequency of 196 kHz. Extended frequency response at 1064 nm
also been reported for InGaAs and fully depleted silicon photodiodes(Ref.
61).
slight improvement over galvanometers, with effective op-
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eration up to 1 kHz, but just 50 mrad deflection range,
only slightly better resolution and linearity than galvano
eters.

2. Acousto-optic deflectors
An acousto-optic deflector(AOD) consists of a transpa

ent crystal inside which an optical diffraction grating is g
erated by the density changes associated with an ac
traveling wave of ultrasound. The grating period is given
the wavelength of the acoustic wave in the crystal, and
first-order diffracted light is deflected through an angle
depends on the acoustic frequency throughDu=lf /n, where
l is the optical wavelength, andn and f are the velocity an
frequency of the acoustic wave, respectively(n / f is the ul-
trasound wavelength). The diffraction efficiency is propo
tional to depth of the grating, and therefore to the ampli
of the acoustic wave that produced it. AODs are thereby
to control both the trap position(through deflection) and
stiffness(through light level). The maximum deflection of a
AOD is linearly related to its operating frequency range,
maximum deflections of somewhat over 1° are possib
1064 nm. AODs are fast: their response times are limite
principle, by the ratio of the laser spot diameter to the s
of sound within the crystal(,1.5 ms/mm laser diameter fo
TeO2 crystals, slightly less for Li6NbO3 crystals). In practice
however, the response time of an optical trapping instru
is often limited by other components in the system. A pa
AODs can be combined in an orthogonal configuratio
provide bothx and y deflections of the optical trap. Due
optical losses in the AODs(an ,80% diffraction efficienc
is typical), however, this scheme results in an almost 4
power loss. In addition to mediocre transmission, the diff
tion efficiency of an AOD will often vary slightly as a fun
tion of its deflection. The resulting position-dependent s
ness variation of the optical trap can either be tolerate(if
within acceptable margins for error), calibrated out,53 or
minimized by the selection of a particular range of opera
deflections over which the diffraction efficiency is m
nearly constant. In practice, however, every AOD needs
characterized carefully before use for deflection-depen
changes in throughput.

3. Electro-optic deflectors
An electro-optic deflector(EOD) consists of a crystal i

which the refractive index can be changed through the a
cation of an external electric field. A gradient in refrac
index is established in one plane along the crystal, w
deflects the input light through an angleu~ lV /w2, whereV
is the applied voltage,l is the crystal length, andw is the
aperture diameter. Deflections on the order of 20 mrad
be achieved with a switching time as short as 100 ns, s
cient for some optical trapping applications. Despite low
sertion losss,1%d and straightforward alignment, EO
have not been widely employed in optical trapping syste
High cost and a limited deflection range may contribut
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G. Piezoelectric stage

Piezoelectric stage technology has been improved
matically through the introduction of high-precision cont
lers and sensitive capacitive position sensing. Stable, li
reproducible, ultrafine positioning in three dimensions
now readily achievable with the latest generation of
stages. The traditional problems of hysteresis and drift in
devices have been largely eliminated through the use o
pacitive position sensors in a feedback loop. With the f
back enabled, an absolute positional uncertainty of 1 nm
been achieved commercially. PZ stages have had an im
on practically every aspect of optical trapping. They can
vide an absolute, NIST-traceable displacement measure
from which all other position calibrations can be deriv
Furthermore, these stages permit three-dimensional co
of the position of the trap relative to the trapping cham
which has previously proved difficult or inaccurate.39 The
ability to move precisely in the axial dimension, in particu
permits characterization of the longitudinal properties of
optical trap and can be used to eliminate the creep and
lash typically associated with the mechanical(gear based)
focusing mechanism of the microscope. Position and f
calibration routines employing the PZ stage are faster, m
reproducible, and more precise than previously attain
Finally, a piezoelectric stage can be incorporated into a
feedback loop86,135–137permitting constant-force records
essentially arbitrary displacement, ultimately limited by
stage travels,100 mmd rather than the working range of t
position detectors,0.3 mmd, the latter being the limitin
factor in feedback based on moving the optical trap.50,59

Stage-based force-feedback permits clamping not only
transverse force, but also the axial force, and hence the
angle through which the force is applied. Despite these
vantages, PZ stages are not without their attendant d
backs. They are comparatively expensive: a 3D stage
capacitive feedback position sensing plus a digital contr
costs roughly $25,000. Furthermore, communication with
stage controller can be slower than for other methods o
namically controlling trap position(e.g., AODs or EODs),
with a maximum rate of,50 Hz.59

H. Environmental isolation

To achieve the greatest possible sensitivity, stability,
signal-to-noise ratio in optical trapping experiments, the
vironment in which the optical trapping is performed mus
carefully controlled. Four environmental factors affect o
cal trapping measurements: temperature changes, ac
noise, mechanical vibrations, and air convection. The
fluctuations can lead to slow, large-scale drifts in the op
trapping instrument. For typical optical trapping configu
tions, a 1 K temperature gradient easily leads to microm
of drift over a time span of minutes. In addition, acou
noise can shake the optics that couple the laser into th
jective, the objective itself, or the detection optics that
downstream of the objective. Mechanical vibrations typic
arise from heavy building equipment, e.g., compresso
pumps operating nearby, or from passing trucks on a r

way. Air currents can induce low-frequency mechanical vi-
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brations and also various optical perturbations(e.g., beam
deflections from gradients in refractive index produced
density fluctuations in the convected air, or light scatte
by airborne dust particles), particularly near optical plan
where the laser is focused.

The amount of effort and resources dedicated to re
ing ambient sources of noise should be commensurate
the desired precision in the length and time scale of the
surements. Slow thermal drift may not affect a rapid or t
sient measurement, but could render meaningless the
surement of a slower process. Several methods of red
noise and drift have been employed in the current gener
of optical traps.

The vast majority of optical trapping instruments h
been built on top of passive air tables that offer mecha
isolation (typically, −20 dB) at frequencies abov
,2–10 Hz. For rejection of lower frequencies, actively
voed air tables are now commercially available, although
are not yet aware of their use in this field. Acoustic n
isolation can be achieved by ensuring that all optical mo
are mechanically rigid, and placing these as close to th
tical table as feasible, thereby reducing resonance and
tion. Enclosing all the free-space optics will further impr
both mechanical and optical stability by reducing ambien
currents. Thermal effects and both acoustical and mecha
vibration can be reduced by isolating the optical trap
instrument from noisy power supplies and heat sources
ode pumped solid state lasers are well suited to this
proach: since the laser head is fiber coupled to the p
diodes, the power supply can be situated outside of th
perimental room. A similar isolation approach can be
sued with noisy computers or power supplies, and even
mination sources, whose outputs can be brought to
instrument via an optical fiber. Further improvements
noise performance and stability may require more substa
modifications, such as acoustically isolated and temper
controlled experimental rooms situated in low-vibration
eas. The current generation of optical trapping instrumen
our lab59,138are housed in acoustically quiet cleanrooms
background noise less than the NC30(OSHA) rating, a nois
level roughly equivalent to a quiet bedroom. In addit
these rooms are temperature stabilized to better than ±0
The stability and noise suppression afforded by this arra
ment has paved the way for high-resolution recordin
molecular motor movement, down to the subnanom
level.85–87

IV. CALIBRATION

A. Position calibration

Accurate position calibration lies at the heart of qua
tative optical trapping. Precise determination of the displ
ment of a trapped object from its equilibrium position
required to compute the applied force(F=−ax, whereF is
the force,a is the optical trap stiffness, andx is the displace
ment from the equilibrium trapping position), and permit
direct measurement of nanometer-scale motion. Se
methods of calibrating the response of a position det

have been developed. The choice of method will depend on
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the position detection scheme, the ability to move the
and/or the stage, the desired accuracy, and the expect
rection and magnitude of motion in the optical trap during
experiment. The most straightforward position calibra
method relies on moving a bead through a known disp
ment across the detector region while simultaneously re
ing the output signal. This operation can be performed e
with a stuck bead moved by a calibrated displacement o
stage, or with a trapped bead moved with a calibrated
placement of a steerable trap.

Position determination using a movable trap relies
initial calibration of the motion of the trap itself in the spe
men plane against beam deflection, using AODs or defle
mirrors. This is readily achieved by video tracking a trap
bead as the beam is moved.49 Video tracking records can b
converted to absolute distance by calibrating the ch
coupled device(CCD) camera pixels with a ruled stage m
crometer(10 mm divisions or finer),49,50or by video tracking
the motion of a stuck bead with a fully calibrated piezoe
tric stage.59 Once the relationship between beam deflec
and trap position is established, the detector can then be
brated in one or both lateral dimensions by simply movin
trapped object through the detector active area and reco
the position signal.50,59,81Adequate two-dimensional calibr
tion may often be obtained by moving the bead along
orthogonal axes in an “X” pattern. However, a more c
plete calibration requires raster scanning the trapped be
cover the entire active region of the sensor.59 Figure 6 dis
plays the two-dimensional detector calibration for a 0.6mm
bead, raster scanned over the detector region using an
driven optical trap. A movable optical trap is typically us
with either an imaging position detector, or a second l

FIG. 6. Lateral two-dimensional detector calibration(adapted from Ref. 59).
Contour plot of thex (solid lines) andy (dashed lines) detector response
a function of position for a 0.6mm polystyrene bead raster scanned thro
the detector laser focus by deflecting the trapping laser with acousto
deflectors. The bead is moved in 20 nm steps with a dwell time of 50 m
point while the position signals are recorded at 50 kHz and averaged
the dwell time at each point. Thex contour lines are spaced at 2 V interva
from 8 V (leftmost contour) to28 V (rightmost contour). The y contour
lines are spaced at 2 V intervals, from 8 V(bottom contour) to 28 V (top
contour). The detector response surfaces in both thex andy dimensions ar
fit to fifth order two-dimensional polynomials over the shaded region,
less than 2 nm residual root mean square(rms) error. Measurements a
confined to the shaded region, where the detector response is single
power laser for laser-based detection(described above). Cali-
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brating by moving the trap, however, offers several ad
tages. Position calibration can be performed individually
each object trapped, which eliminates errors arising from
ferences among nominally identical particles, such as
form polystyrene beads, which may exhibit up to a 5%
efficient of variation in diameter. Furthermore, nonsphe
or nonidentical objects, such as bacteria or irregularly sh
particles, can be calibrated on an individual basis prior to(or
after) an experimental measurement. Because the obje
trapped when it is calibrated, the calibration and detec
necessarily take place in the same axial plane, which
cludes calibration errors arising from the slight axial dep
dence of the lateral position signals.

Laser-based detection used in conjunction with a m
able trap affords additional advantages. Because the tra
and detection lasers are separate, the focal position o
two can be moved relative to one another in the axial dim
sion. The maximum lateral sensitivity and minimum va
tion of lateral sensitivity with axial position occur at t
focus of the detection laser. The axial equilibrium positio
a trapped object, however, lies above the focus due t
scattering force. Since the detection and trapping laser
uncoupled, the focus of the detection laser can be mad
incident with the axial position of the trapped object, ther
maximizing the detector sensitivity while minimizing t
axial dependence of the lateral sensitivity.59 An additiona
benefit to using an independent detection laser is that i
be more weakly focused to a larger spot size, since it
not need to trap, thereby increasing the usable dete
range. Beyond the added complication and cost of build
movable trap, calibrating with a movable trap has some
portant limitations. The calibration is limited to the two l
eral dimensions, which may be inadequate for experim
where the trapped bead is displaced significantly in the
dimension.39,82 Due to the,4–6-fold lower trap stiffness
the axial dimension, a primarily lateral force pulling an
ject out of the trapping zone may result in a significant a
displacement. In practice, this situation arises when
trapped object is tethered to the surface of the trapping c
ber, e.g., when a bead is attached by a strand of DNA b
at its distal end to the coverglass.39,82,88,135–137Accurate de
terminations of displacement and trapping force in such
periments require axial, as well as lateral, position cal
tion.

Position calibration is most commonly accomplished
moving a bead fixed to the surface through the dete
region and recording the detector output as a functio
position. Traditionally, such calibrations were performe
one or two lateral dimensions. The advent of se
stabilized, 3D piezoelectric(pz) stages has made such c
brations more accurate, easier to perform and—in con
tion with an improved theoretical understanding of the a
position signal—has permitted a full 3D position calibra
of an optical trap.62–64 Whereas full 3D calibration is usef
for tracking the complete motion of an object, it is cumb
some and unnecessary when applying forces within a
defined by one lateral direction and the optical axis. W
the trapped object is tethered to the surface of the trap

c
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d.
chamber, for example, it is sufficient to calibrate the axial
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and the single lateral dimension in which the force is app
Figure 7 displays the results of such a two-dimensi
(“x–z” ) position calibration for a 0.5mm bead stuck to th
surface of the trapping chamber. The bead was ste
through a raster scan pattern inx (lateral dimension) and z
(axial dimension) while the position signals were record
Using a stuck bead to calibrate the position detector
some limitations and potential pitfalls. Because it is diffic
in general, to completely immobilize an initially trapped p
ticle on the surface, it is not feasible to calibrate every
ticle. Instead, an average calibration derived from an
semble of stuck beads must be measured. Furthermor
stuck-bead calibration technique precludes calibrating
spherical or heterogeneous objects, unless these can
tached to the surface(and stereospecifically so) prior to, or
after, the experimental measurements. Due to the axia
pendence of the lateral position signals(“x–z crosstalk”),
using a stuck bead to calibrate only the lateral dimensio
prone to systematic error. Without axial position informat
it is difficult to precisely match the axial position of a stu
bead with the axial position of a trapped bead. Optic
focusing on a bead cannot be accomplished with an acc
better than,100 nm, which introduces uncertainty and e
in lateral position calibrations for which the axial position
set by focusing. Therefore, even when only the latera
mensions are being calibrated, it is useful to measure
axial position signal to ensure that the calibration is car
out in the appropriate axial plane.

1. Absolute axial position and measurement
of the focal shift

The absolute axial position of a trapped object above
surface of the trapping chamber is an important experim
parameter, because the hydrodynamic drag on an objec
ies nonlinearly with its height above the surface, due
proximal wall effects(see below and Ref. 9). Absolute axia
position measurements may be especially important in

FIG. 7. Axial two-dimensional detector calibration. Contour plot of
lateral (solid lines) and axial(dashed lines) detector response as a funct
of x (lateral displacement) and z (axial displacement) of a stuck 0.5mm
polystyrene bead moving through the laser focus. A stuck bead was
scanned in 20 nm steps inx and z. The detector signals were recorded
4 kHz and averaged over 100 ms at each point. The lateral contour lin
spaced at 1 V intervals, from −9 V(leftmost contour) to 7 V (rightmost
contour). The axial contour lines are spaced at 0.02 intervals(normalized
units). Measurements are confined to the region of the calibration shad
gray, over which the surfaces ofx andz positions as a function of lateral a
axial detector signals were fit to seventh order two-dimensional polyn
functions with less than 5 nm residual rms error.
ations where the system under investigation is attached to th
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surface and to a trapped object, as is often the case in
logical applications. Force–extension relationships, for
ample, depend on the end-to-end extension of the mole
which can only be determined accurately when the axia
sition of the trapped object with respect to the surfac
known. Axial positioning of a trapped object depends
finding the location of the surface of the chamber and m
ing the object relative to this surface by a known amo
The problem is complicated by the focal shift that ar
when focusing through a planar interface between two
matched indices of refraction e.g., between the cover
snglass,1.5d and the aqueous mediumsnwater,1.3d.139–144

This shift introduces a fixed scaling factor between a ver
motion of the chamber surface and the axial position
the optical trap within the trapping chamber. The focal s
is easily computed from Snell’s law for the case of para
rays, but it is neither straightforward to compute nor
measure experimentally when high NA objectives are
volved.144 Absolute axial position determination has pre
ously been assessed using fluorescence induced by a
nescent wave,131 by the analysis of interference or diffracti
patterns captured with video,113,145or through the change
hydrodynamic drag on a trapped particle as it approache
surface.39 These techniques suffer from the limited range
detectable motion for fluorescence-based methods, an
the slow temporal response of video and drag-force-b
measurements.

The position detector sum signal(QPD or PSD output),
which is proportional to the total incident intensity at
back focal plane of the condenser, provides a conve
means of both accurately locating the surface of the trap
chamber and measuring the focal shift. In conjunction, t
measurements permit absolute positioning of a trapped
ject with respect to the trapping chamber surface. The d
tor sum signal as a function of axial stage position for bo
stuck bead and a trapped bead are shown in Fig. 8. The
bead trace represents the axial position signal of a bead
ing relative to the trap. As the bead moves through the f
of the laser(marked on the figure), the phase of light sca
tered from the bead changes by 180° relative to the un
tered light, modulating the intensity distribution at the b

FIG. 8. Axial position signals for a free(heavy dashed line) and stuck(light
dashed line) bead as the stage was scanned in the axial direction. All
motion is relative to the scattering peak, which is indicated on the rig
the figure. The positions of the surface(measured) and the focus[calculated
from Eq.(5)] are indicated by vertical lines. The axial detection fit[Eq. (5)]
to the stuck bead trace is shown in the region around the focus as a
solid line.
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efocal plane of the condenser. The region between the extrema
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of the stuck-bead curve is well described by the expres
for axial sensitivity derived by Pralle and co-workers:62

Iz

I
szd ~ S1 +S z

z0
D2D1/2

sinftan−1sz/z0dg, s5d

where an overall scaling factor has been ignored,z is the
axial displacement from the beam waist, andz0=pw0

2/l is
the Raleigh length of the focus, with beam waistw0 at wave-
length l. The phase difference in the scattered light is
scribed by the arctangent term, while the prefactor desc
the axial position dependent intensity of the scattered l
The fit returns a value for the beam waist,w0=0.436mm.
The equilibrium axial position of a trapped bead correspo
to a displacement of 0.379mm from the laser focus. A stuc
bead scan can also be useful for determining when a
bead is forced onto the surface of the cover slip.

As a trapped bead is forced into contact with the sur
of the chamber by the upward stage motion, the free
stuck bead signals merge and eventually become ind
guishable(Fig. 8). The approximate location of the surfa
with respect to the position of a trapped bead can be d
mined by finding the point at which both curves coinc
Brownian motion of the trapped bead, however, will s
this point slightly, in a stiffness-dependent manner that
introduce a small uncertainty in the measured position o
surface. The scattering peak in Fig. 8, however, serves
easily identifiable fiducial reference from which the trap
bead can be moved an absolute distance by subsequen
motion. In this manner, trapped particles can be reprodu
positioned at a fixed(but uncertain) distance relative to th
surface. In order to obtain a precise location of the trap
particle above the surface, both the position of the scatt
peak with respect to the surface and the focal shift mu
determined. This may be accomplished, for example,
one-time measurement of the drag on a trapped bead
series of positions above the scattering peak. The intera
of a sphere with the boundary layer of water near a su
leads to an increase in the hydrodynamic dragb, which can
be estimated by Faxen’s law for the approximate drag
sphere near a surface:9

b =
6pha

1 −
9

16
Sa

h
D +

1

8
Sa

h
D3

−
45

256
Sa

h
D4

−
1

16
Sa

h
D5 , s6d

which depends only on the bead radiusa, the distance abov
the surfaceh, and the viscosity of the liquidh. By measuring
the rolloff frequency or the displacement of the trapped b
as the stage is oscillated(see below), the drag force can b
determined at different axial stage positions relative to
scattering peak and normalized to the calculated asymp
value, the Stokes drag coefficient, 6pha. The resulting curv
(Fig. 9) is described by a two parameter fit to Eq.(6): a
scaling parameter that represents the fractional focal
and an offset parameter related to the distance betwee
scattering peak and the coverglass surface. The fit param
from the curve in Fig. 9 allow absolute positioning o
trapped particle with respect to the surface. The uncert
in the axial position amounts to roughly 3% of the be

surface separation, with the residual uncertainty largely due
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to the estimate of the focal shift(which leads to a relativ
rather than an absolute uncertainty). The position of the su
face, calculated from the fit parameters of Fig. 9, is indic
in Fig. 8. The focal shift was 0.82±0.02, i.e., the vert
location of the laser focus changed by 82% of the ver
stage motion.

The periodic modulation of the axial position signal a
trapped bead is displaced from the surface(Fig. 8) can be
understood in terms of an étalon picture.146 Backscattere
light from the trapped bead reflects from the surface
interferes with forward-scattered and unscattered light in
back focal plane of the condenser. The phase differenc
tween these two fields includes a constant term that a
because of the Gouy phase and another term that depe
the separation between the bead and the surface. The
frequency of the intensity modulation is given byd
=l / s2nmd, whered is the separation between the bead
the cover slip,l is the vacuum wavelength of the laser,
nm is the index of refraction of the medium. This interfere
signal supplies a second and much more sensitive mea
determine the focal shift. The motion of the stagesdsd and
motion of the focussdfd are related through a scaling para
eter fs equal to the focal shiftdf = fsds. The interference sig
nal is observed experimentally by stage translations.
measured spatial frequency will be given byds=l / s2nmfsd,
which can be rearranged to solve for the focal shiffs

=l / s2nmdsd. The focal shift determined in this manner w
0.799±0.002, which is within the uncertainty of the fo
shift determined by hydrodynamic drag measurements(Fig.
9). The true focal shift with a high NA lens is more p
nounced than the focal shift computed in the simple par
limit, given (from Snell’s law) by the ratio of the indices o

FIG. 9. Normalized drag coefficient(b0/b, whereb0 is the Stokes drag o
the sphere: 6pha) as a function of distance from the scattering peak.
normalized inverse drag coefficient(solid circles) was determined throug
rolloff measurements and from the displacement of a trapped bead
stage was oscillated. The normalized inverse drag coefficient was
Faxen’s law[Eq. (6)] with a height offset« and scaling parameterd, which
is the fractional focal shift, as the only free parameters:b0/b=1−s9/16d
3fad−1sz−«d−1g+ 1

8fad−1sz−«d−1g3−s45/256dfad−1sz−«d−1g4−s1/16dfad−1sz
−«d−1g5, wherea is the bead radius,z is the motion of the stage relative
the scattering peak,b0 is the Stoke’s drag on the bead,s6phad, andb is the
measured drag coefficient. The fit returned a fractional focal shiftd of
0.82±0.02 and an offset« of 161 nm. The position of the surface relative
the scattering peak is obtained by setting the position of the bead c
dsz−«d equal to the bead radiusa, which returns a stage position of 466
above the scattering peak, as indicated in Fig. 8.
refraction:nm/nimm=0.878 for the experimental conditions,
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where nm is the index of the aqueous medium(1.33) and
nimm is the index of the objective immersion oil(1.515). The
discrepancy should not be surprising, because the pa
ray approximation does not hold for the objectives used
optical trapping.146 The interference method employed
measure the focal shift is both easier and more accurate
the drag-force method presented earlier.

2. Position calibration based on thermal motion
A simple method of calibrating the position detector

lies on the thermal motion of a bead of known size in
optical trap.122 The one-sided power spectrum for a trap
bead is9

Sxxsfd =
kBT

p2bsf0
2 + f2d

, s7d

where Sxxsfd is in units of displacement2/Hz, kB is Boltz-
mann’s constant,T the absolute temperature,b is the hydro
dynamic drag coefficient of the object(e.g., b=6pha for
Stokes drag on a sphere of radiusa in a medium with vis
cosity h), and f0 is the rolloff frequency, related to the tr
stiffness throughf0=as2pbd−1 for a stiffnessa (see below).
The detector, however, measures the uncalibrated p
spectrumSvvsfd, which is related to the true power spectr
by Svvsfd=r2·Sxxsfd, wherer represents the linear sensitiv
of the detector(in volts/unit distance). The sensitivity can b
found by considering the product of the power spectrum
the frequency squaredSxxsfd · f2, which asymptotically ap
proaches the limitkBTsp2bd−1 for f @ f0. Inserting the rela
tionship between the displacement power spectrum an
uncalibrated detector spectrum in this expression and
ranging gives

r = fSvvsfdp2b/kBTg1/2. s8d

This calibration method has been shown to agree to w
,20% of the sensitivity measured by more direct me

122

FIG. 10. Power spectrum of a trapped bead. Power spectrum of amm
recorded with a PSD(gray dots). The raw power spectrum was average
Lorentzian[Eq. (7)] corrected for the effects of the antialiasing filter, fre
by Berg–Sørensen and Flyvbjerg(Ref. 148). The rolloff frequency is 2.43
spectrum was fit to an uncorrected Lorentzian(dashed line), which returns
for a relatively weak trap, they generally become more important at h
such as those discussed above.An advantage to the
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method is that it does not require any means of prec
moving a bead to calibrate the optical trap. However,
calibration obtained by this method is valid only for sm
displacements, for which a linear approximation to the p
tion signal is valid. In addition, the system detection ba
width must be adequate to record accurately the com
power spectrum without distortion, particularly in the h
frequency regime. System bandwidth considerations
treated more fully in conjunction with stiffness determi
tion, discussed below.

B. Force calibration–stiffness determination

Forces in optical traps are rarely measured directly
stead, the stiffness of the trap is first determined, then us
conjunction with the measured displacement from the e
librium trap position to supply the force on an object thro
Hooke’s law:F=−ax, whereF is the applied force,a is the
stiffness, andx is the displacement. Force calibration is t
reduced to calibrating the trap stiffness and separately
suring the relative displacement of a trapped object. A n
ber of different methods of measuring trap stiffness, e
with its attendant strengths and drawbacks, have been i
mented. We discuss several of these.

1. Power spectrum
When beads of known radius are trapped, the physi

Brownian motion in a harmonic potential can be exploite
find the stiffness of the optical trap. The one-sided po
spectrum for the thermal fluctuations of a trapped obje
given by Eq.(7), which describes a Lorentzian. This pow
spectrum can be fit with an overall scaling factor an
rolloff frequency,f0=as2pbd−1 from which the trap stiffnes
sad can be calculated if the dragsbd on the particle is know
(Fig. 10). For a free sphere of radiusa in solution far from
any surfaces, the drag is given by the usual Stokes re

ystyrene bead trapped 1.2mm above the surface of the trapping cham
r 256 Hz windows on the frequency axis(black circles) and fit (black line) to a
cy dependent hydrodynamic effects, and finite sampling frequency, as
, corresponding to a stiffness of 0.08 pN/nm. For comparison the raw
lloff frequency of 2.17 kHz. Whereas the discrepancies are on the ord

rolloff frequencies.
0.5pol
d ove
quen
kHz
a ro
igher
b=6pha, whereh is the viscosity of the medium. For a bead
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trapped nearer the surface of the trapping chamber,
tional drag arises from wall effects and must be conside
Faxen’s law[Eq. (6)] is appropriate for estimating the dr
due to lateral motion. Axial stiffness is also measured via
power spectrum of the axial position signal, but the cor
tions to the axial drag due to wall effects are larger t
those for the lateral drag. The drag on a sphere moving
mal to a surface is147

b = b0
4

3
sinh ao

n=1

`
nsn + 1d

s2n − 1ds2n + 3d

3F2 sinhs2n + 1da + s2n + 1dsinh 2a

4sinh2sn + 1
2da − s2n + 1d2sinh2a

− 1G , s9d

where

a = cosh−1Sh

a
D = lnHh

a
+ FSh

a
D2

− 1G1/2J ,

h is the height of the center of the sphere above the sur
andb0=6pha is the Stokes drag. The sum converges fa
quickly and,10 terms are required to achieve accurate
sults. Whereas it is tempting to measure trap stiffness
away from surfaces to minimize hydrodynamic effe
spherical aberrations in the focused light will tend to deg
the optical trap deeper in solution, particularly in the a
dimension. Spherical aberrations lead to both a reductio
peak intensity and a smearing-out of the focal light distr
tion in the axial dimension.

Determining the stiffness of the optical trap by the po
spectrum method requires a detector system with suffi
bandwidth to record faithfully the power spectrum well
yond the rolloff frequency(typically, by more than 1 order o
magnitude). Lowpass filtering of the detector output sign
even at frequencies beyond the apparent rolloff leads dir
to a numerical underestimate of the rolloff frequency
thereby to the stiffness of the optical trap. Errors introdu
by low pass filtering become more severe as the rolloff
quency of the trap approaches the rolloff frequency of
electrical filter. Since the trap stiffness is determined so
from the rolloff of the Lorentzian power spectrum, t
method is independent of the position calibration, per s
addition to determining the stiffness, the power spectrum
trapped bead serves as a powerful diagnostic tool for op
trapping instruments: alignment errors of either the op
trap or the position detection system lead to non-Loren
power spectra, which are easily scored, and extran
sources of instrument noise can generate additional pea
the power spectrum.

The measurement and accurate fitting of power sp
to characterize trap stiffness was recently investigate
Berg-Sørensen and Flyvbjerg,148,149 who developed an im
proved expression for the power spectrum that incorpo
several previously ignored corrections, including the
quency dependence of the drag on the sphere, based
extension of Faxen’s law for an oscillating sphere[Faxen’s
law, Eq. (6), only holds strictly in the limit ofconstantve-
locity]. These extra terms encapsulate the relevant ph
for a sphere moving in a harmonic potential with visc

damping. In addition to this correction, the effects of finite
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sampling frequency and signal filtering during data acq
tion (due to electronic filters or parasitic filtering by the p
tosensor) were included in fitting the experimental pow
spectrum. The resulting fits determine the trap stiffness
an uncertainty of,1% and accurately describe the shap
the measured spectra. This work underscores the impor
of characterizing and correcting the frequency respons
the position detection system to obtain accurate stiff
measurements. Figure 10 illustrates a comparison bet
the fit obtained with the improved fitting routine and an
corrected fit.

The power spectrum of a trapped bead can also be
to monitor the sample heating due to partial absorption o
trapping laser light. Heating of the trapping medium exp
itly changes the thermal kinetic energy termskBTd in the
power spectrum[Eq. (7)] and implicitly changes the dra
term as well,b=6phsTda, through its dependence on visc
ity, which is highly temperature dependent. Peterman
co-workers were able to assess the temperature increas
function of trapping laser power by determining the dep
dence of the Lorentzian fit parameters on laser power.100

2. Equipartition
The thermal fluctuations of a trapped object can als

used to obtain the trap stiffness through the Equipart
theorem. For an object in a harmonic potential with stiffn
a:

1
2kBT = 1

2akx2l, s10d

wherekB is Boltzmann’s constant,T is absolute temperatur
and x is the displacement of the particle from its trap
equilibrium position. Thus, by measuring the positional v
ance of a trapped object, the stiffness can be determined
variancekx2l is intimately connected to the power spectr
of course: it equals the integral of the position power s
trum, i.e., the spectrum recorded by a calibrated dete
Besides its simplicity, a primary advantage of the Equip
tion method is that it does not depend explicitly on the
cous drag of the trapped particle. Thus, the shape o
particle, its height above the surface, and the viscosity o
medium need not be known to measure the trap stiff
(although, in fairness, both the particle shape and the o
properties of the medium will influence the position calib
tion itself). The bandwidth requirements of the position
tection system are the same as for the power spectra
proach, with the additional requirement that the dete
must be calibrated. Unlike the power spectral method h
ever, the variance method does not provide additional i
mation about the optical trap or the detection system. Fo
reason, care should be taken when measuring the sti
with the Equipartition method. Because variance is an in
sically biased estimator(it is derived from the square of
quantity, and is therefore always positive), any added nois
and drift in position measurements serve only to incr
the overall variance, thereby decreasing the apparent
ness estimate. In contrast, low pass filtering of the pos
signal results in a lower variance and an apparent increa

stiffness.
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3. Optical potential analysis
A straightforward extension of the Equipartition meth

involves determining the complete distribution of part
positions visited due to thermal motions, rather than sim
the variance of that distribution. The probability for the d
placement of a trapped object in a potential well will
given by a Boltzmann distribution

Psxd ~ expS− Usxd
kBT

D = expS− ax2

2kBT
D , s11d

where Usxd is the potential energy andkBT is the therma
energy. When the potential is harmonic, this distribution
simple Gaussian parametrized by the trap stiffnessa. When
the potential is anharmonic, the position histogram ca
used, in principle, to characterize the shape of the trap
potential by taking the logarithm and solving forUsxd. In
practice, this approach is not especially useful without a
siderable body of low-noise/low-drift position data, since
wings of the position histogram—which carry the most
vealing information about the potential—hold the few
counts and therefore have the highest relative uncertain

4. Drag force method
The most direct method of determining trap stiffnes

to measure the displacement of a trapped bead from its
librium position in response to viscous forces produced
the medium, generated by moving the stage in a regula
angle wave or sinusoidal pattern. Since forces arise from
hydrodynamics of the trapped object, the drag coeffic
including any surface proximity corrections, must be kno
For the case of a sinusoidal driving force of amplitudeA0

and frequencyf, the motion of the bead is

xstd =
A0f

Îf0
2 + f2

expf− is2pft − wdg,

s12d
w = − tan−1sf0/fd,

where f0 is the characteristic rolloff frequency(above), and
w is the phase delay. Both the amplitude and the phase
bead motion can be used to provide a measure of trap
ness.

A triangular driving force of amplitudeA0 and frequenc
f results in a square wave of force being applied to the b
For each period of the motion the bead trajectory is

xstd =
bA0f

2a
F1 − expS−

a

b
tDG , s13d

wherea is the trap stiffness andb is the drag coefficient o
the bead, including Faxen’s law corrections. Due to the fi
response time of the stage, the exponential damping te
convolved with the response time of the stage. There
only the asymptotic valuesbA0f /2ad should be used to o
tain a reliable estimate of trap stiffness. Drag-force mea
ments are slow compared with the thermal motion of
particle, so the bandwidth requirements of the detection
tem are significantly relaxed. Increasing the amplitude o
frequency of the stage motion generates larger displacem
of the trapped bead. By measuring the stiffness as a fun

of bead displacement, the linear region of the trap over
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which the stiffness is constant can be easily determined
A variation on the drag force method of stiffness calib

tion, sometimes called step response calibration, invo
rapidly displacing the trap by a small, fixed offset and
cording the subsequent trajectory of the bead. The bea
return to its equilibrium position in an exponentially dam
manner, with a time constant ofa /b as in Eq.(13).

5. Direct measurement of optical force
The lateral trapping force arises from the momen

transfer from the incident laser light to the trapped ob
which leads to a change in the direction of the scattered
(Fig. 1). Measuring the deflection of the scattered laser b
with a QPD or other position sensitive detector there
permits direct measurement of the momentum transfer
hence the force, applied to the trapped object—assumin
all the scattered light can be collected.38,57,104An expression
relating the applied force to the beam deflection was
sented by Smithet al.:38 F= I /c·sNAd ·X/Rba whereF is the
force, I is the intensity of the laser beam,c is the speed o
light, NA is the numerical aperture,X is the deflection of th
light, andRba is the radius of the back aperture of the mic
scope objective. In principle, this approach is applicab
any optical trapping configuration. However, because it
cessitates measuring the total intensity of scattered lig
has only been implemented for relatively low NA, coun
propagating optical traps, where the microscope obje
entrance pupils are underfilled. In single-beam optical t
it is impractical to collect the entirety of the scattered lig
owing to the higher objective NA combined with an opt
design that overfills the objective entrance pupil.

6. Axial dependence of lateral stiffness
Three-dimensional position detection facilitates m

surement of the axial stiffness and mapping of the la
stiffness as a function of axial position in the trap. Due to
high refractive index of polystyrene beads typically use
optical trapping studies, there is a correspondingly large
tering force in the axial direction. Consequently, the a
equilibrium position of a trapped polystyrene bead tend
lie well beyond the focus, where the lateral inten

FIG. 11. Axial dependence of lateral stiffness. The experimental geo
for these measurements is depicted in the inset. A polystyrene bead
ered to the surface of the cover glass through a long DNA tether. The
was moved in the negativez direction(axial), which pulls the bead towar
the laser focus, and the lateral stiffness was determined by measuri
lateral variance of the bead. The data(solid circles) are fit with the expres
sion for a simple dipole[Eq. (14)], with the power in the specimen pla
the beam waist, and an axial offset as free parameters.
gradient—and hence the lateral stiffness—are significantly
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reduced from their values at the focus. In experiment
which beads are displaced from the axial equilibrium p
tion, the change in lateral trapping strength can be sig
cant. The variation of lateral stiffness as a function of a
position was explored using beads tethered by D
s1.6 mmd to the surface of the flow chamber(Fig. 11, inset).
Tethered beads were trapped and the attachment point
tether was determined and centered on the optical axis.39 The
bead was then pulled vertically through the trap, i.e., a
the axial dimension, by lowering the stage in 20 nm in
ments. At each position, the lateral stiffness of the trap
ascertained by recording its variance, using the Equipar
method. The axial force applied to the bead tether ca
crease the apparent lateral stiffness, and this effect ca
computed by treating the tethered bead as a simple inv
pendulum.150,151In practice, the measured increase in lat
stiffness(given byax=Fa/ l, whereax is the lateral stiffness
Fa is the axial force on the bead, andl is the length of th
tether) resulted in less than a 3% correction to the stiffn
and was thereafter ignored in the analysis. An average
measurements is shown in Fig. 11, along with a fit to
lateral stiffness based on a simple dipole and zero-o
Gaussian beam model.152

axszd =
8nmp

cw0
S a

w0
D3Sm2 − 1

m2 + 2
DS1 +S z

z0
D2D−2

, s14d

wherenm is the index of refraction of the medium,p is the
laser power in the specimen plane,c is the speed of light,m
is the ratio of the indices of refraction of the bead and
medium, andw0, z andz0 are the beam diameter at the wa
the axial displacement of the particle relative to the fo
and the Raleigh range, respectively(as previously defined).
The data are well fit by this model with the exception of
laser power, which was sixfold lower than the actual po
estimated in the specimen plane. A significant discrep
was anticipated since it had been previously shown tha
particle sizes on the order of the beam waist, the dipole
proximation greatly overestimates the trap stiffness.152 The

FIG. 12. Cartoon of the experimental geometry(not to scale) for single-
molecule transcription experiment. Transcribing RNA polymerase with
scent RNA(gray strand) is attached to a polystyrene bead. The upstream
of the duplex DNA(black strands) is attached to the surface of a flowcha
ber mounted on a piezoelectric stage. The bead is held in the optical
a predetermined position from the trap center, which results in a res
force exerted on the bead. During transcription, the position of the be
the optical trap and hence the applied force is maintained by movin
stage both horizontally and vertically to compensate for motion of the
merase molecule along the DNA(adapted from Ref. 87).
other two parameters of interest are the beam waist and th
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equilibrium axial position of the bead in the trap. The
returned distances of 0.433mm for the beam waist an
0.368mm for the offset of the bead center from the fo
point. These values compare well with the values determ
from the fit to the axial position signal, which were 0.4
and 0.379mm, respectively(see above). The variation in lat
eral stiffness between the optical equilibrium position
the laser focus was substantial: a factor of l.5 for the
figuration studied.

V. TRANSCRIPTION STUDIED WITH A TWO-
DIMENSIONAL STAGE-BASED FORCE CLAMP

Our interest in extending position detection techniq
to include the measurement of force and displacement i
axial dimension arose from the study of processive nu
acid enzymes moving along DNA(Fig. 12). The experimen
tal geometry, in which the enzyme moving along the D
pulls on a trapped bead, results in motion of the bead
plane defined by the direction of the lateral force and
axial dimension. In previous experiments, the effects of a
motion had been calculated and estimated, but not dir
measured or otherwise calibrated.39,82 Improvements af
forded by three-dimensional piezoelectric stages perm
the direct measurement of, and control over, the sep
axial and lateral motions of the trapped bead. We br
describe this instrument and the implementation of a
dimensional force clamp to measure transcription by a s
molecule of RNA polymerase.87

The optical layout and detection scheme are illustrate
Fig. 13. An existing optical trap39,153was modified by addin
a normalizing photodetector to monitor the bleedthroug

t

FIG. 13. The optical trapping interferometer. Light from a Nd:YLF la
passes through an acoustic optical modulator(AOM), used to adjust th
intensity, and is then coupled into a single-mode polarization-mainta
optical fiber. Output from the fiber passes through a polarizer to ens
single polarization, through a 1:1 telescope and into the microscope w
passes through the Wollaston prism and is focused in the specimen
The scattered and unscattered light is collected by the condenser, is
bined in the second Wollaston prism, then the two polarizations are s
a polarizing beamsplitter and detected by photodiodes A and B.
bleedthrough on a turning mirror is measured by a photodiodesNd to record
the instantaneous intensity of the laser. The signals from the detecto
todiodes and the normalization diode are digitized and saved to disk
normalized difference between the two detectors(A and B) gives the latera
x displacement, while the sum signalsA+Bd normalized by the total inten
sity sNd gives the axial,z displacement.
ethe trapping laser after a 45° dielectric mirror and a
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feedback-stabilized three-axis piezoelectric stage(Physik In-
strumente P-517.3CD and E710.3CD digital controller) to
which the trapping chamber was affixed. The optical
was built around an inverted microscope(Axiovert 35, Car
Zeiss) equipped with a polarized Nd:YLF laser(TFR, Spec
tra Physics,l=1047 nm, TEM00, 2.5 W) that is focused to
diffraction-limited spot through an objective(Plan Neoflua
1003, 1.3 NA oil immersion). Lateral position detectio
based on polarization interferometry was implemented.
trapping laser passes through a Wollaston prism below
objective producing two orthogonally polarized and slig
spatially separated spots in the specimen plane; these a
single trap. The light is recombined by a second Wolla
prism in the condenser, after which it passes throug
quarter-wave plate and a polarizing beamsplitter. Two ph
detectors measure the power in each polarization, an
difference between them, normalized by their sum, sup
the lateral position signal. The sum of the detector sig
normalized by the incident laser power(from the normaliz
ing detector) provides the axial position signal.62,64The axia
position signal is a small fraction of the total intensity an
roughly comparable to the intensity noise of the laser.
malizing the axial position signal with reference to the
stantaneous incident laser power, therefore, provides a
nificant improvement in the signal-to-noise ratio. The t
dimensional position calibration of the instrument, obtai
by raster scanning a stuck bead, is shown in Fig. 7. Stiff
in the lateral dimension was measured by a combinatio
rolloff, triangle-wave drag force, and variance meas
ments. Stiffness in the axial dimension was measured u
the rolloff method and was found to be;eightfold less tha
the lateral stiffness.

Single-molecule transcription experiments were car
out with an RNA polymerase specifically attached to
beads and tethered to the surface of the trapping chamb
one end of the template DNA(Fig. 12). Tethered beads we
trapped, the surface position was determined as desc
above, and the bead was centered over the attachment
of the DNA tether, at a predetermined height. Once t

FIG. 14. Two-dimensional, stage based force clamp. Position record
single RNA polymerase molecule transcribing a 3.5 kbps1183 nmd DNA
template under 18 pN of load. Thex andz position signals were low pa
filtered at 1 kHz, digitized at 2 kHz, and boxcar averaged over 40 poin
generate the 50 Hz feedback signals that controlled the motion of the
electric stage. Motion of the stage was corrected for the elastic comp
of the DNA (Ref. 39) to recover the time-dependent contour length, w
reflects the position of the RNA polymerase on the template. Perio
roughly constant velocity are interrupted by pauses on multiple times
Distinct pauses can be seen in the trace, while shorter pausess,1 sd can be
discerned in the expanded region of the trace(inset: arrows).
initial conditions were established, the two-dimensional
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force-clamp routine was begun. The stage was moved in
the axial and lateral directions until the trapped bead
displaced by a predetermined distance from its equilib
position. Position signals were recorded at 2 kHz and bo
averaged over 40 points to generate a 50 Hz signal tha
used to control the motion of the stage. In this fashion
displacement of the bead in the trap, and hence the o
force, was held constant as the tether length change
micron-scale distances during RNA polymerase move
over the DNA template. The motion of RNA polymerase
the DNA can be calculated from the motion of the stage(Fig.
14). Periods of constant motion interrupted by pause
variable duration are readily observed in the single-mole
transcription trace shown in Fig. 14. Pauses as short a
are readily detected(Fig. 14, inset). Positional noise is on th
order of 2 nm, while drift is less than 0.2 nm/s.

Two-dimensional stage based force clamping affor
unique advantage. Since the stiffness in both dimensio
known, the force vector on the bead is defined and con
during an experiment. Tension in the DNA tether oppose
force on the bead, therefore the angle of the DNA with
spect to the surface of the trapping chamber is similarly
fined and constant. More importantly, the change in the D
tether length can be calculated from the motion of the s
in one dimension and the angle calculated from the forc
both dimensions. As a result, such measurements are
sitive to drift in the axial dimension, which is otherwise
significant source of instrumental error.

VI. PROGRESS AND OVERVIEW OF OPTICAL
TRAPPING THEORY

Optical trapping of dielectric particles is sufficien
complex and influenced by subtle, difficult-to-quantify o
cal properties that theoretical calculations may never re
direct calibration. That said, recent theoretical work
made significant progress towards a more complete de
tion of optical trapping and three-dimensional position de
tion based on scattered light. Refined theories permit a
realistic assessment of both the capabilities and the li
tions of an optical trapping instrument, and may help
guide future designs and optimizations.

Theoretical expressions for optical forces in the extr
cases of Mie particles(a@l, a is the sphere radius) and
Raleigh particle(a!l) have been available for some tim
Ashkin calculated the forces on a dielectric sphere in
ray-optic regime for both the TEM00 and the TEM01

* (“donut
mode”) intensity profiles.69 Ray-optics calculations are va
for sphere diameters greater than,10l, where optical force
become independent of the size of the sphere. At the
extreme, Chaumet and Nieto-Vesperinas obtained an ex
sion for the total time averaged force on a sphere in
Rayleigh regime154

kFil = S1

2
DRefaE0j]

isE0
j d*g, s15d

wherea=a0s1− 2
3ik3a0d−1 is a generalized polarizability th

includes a damping term,E0 is the complex magnitude of t

-
e

f
.

electric field,a0 is the polarizability of a sphere given by Eq.
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(4), and k is the wave number of the trapping laser. T
expression encapsulates the separate expressions for th
tering and gradient components of the optical force[Eqs.(1)
and (3)] and can be applied to the description of opt
forces on larger particles through the use of the couple
pole method.155 In earlier work, Harada and Asakura cal
lated the forces on a dielectric sphere illuminated by a m
erately focused Gaussian laser beam in the Rayleigh re
by treating the sphere as a simple dipole.152 The Raleigh
theory predicts forces comparable to those calculated
the more complete generalized Lorenz–Mie theory(GLMT)
for spheres of diameter up to,w0 (the laser beam waist) in
the lateral dimension, but only up to,0.4l in the axia
dimension.152 More general electrodynamic theories h
been applied to solve for the case of spheres of diamete,l
trapped with tightly focused beams. One approach has
to generalize the Lorenz–Mie theory describing the sca
ing of a plane wave by a sphere to the case of Gau
beams. Barton and co-workers applied fifth-order correc
to the fundamental Gaussian beam to derive the inciden
scattered fields from a sphere, which enabled the force
calculated by means of the Maxwell stress tensor.76,77 An
equivalent approach, implemented by Gouesbet and
workers, expands the incident beam in an infinite serie
beam shape parameters from which radiation pressure
sections can be computed.80,156Trapping forces and efficie
cies predicted by these theories are found to be in reaso
agreement with experimental values.157–159 More recently
Rohrbach and co-workers extended the Raleigh theo
larger particles through the inclusion of second-order sca
ing terms, valid for spheres that introduce a phase s
k0sDndD, less thanp /3, wherek0=2p /l0 is the vacuum
wave number,Dn=snp−nmd is the difference in refractiv
index between the particle and the medium, andD is the
diameter of the sphere.65,66 For polystyrene bead
snp=1.57d in water snm=1.33d, this amounts to a maximu
particle size of,0.7l. In this approach, the incident field
expanded in plane waves, which permits the inclusio
apodization and aberration transformations, and the fo
are calculated directly from the scattering of the field by
dipole without resorting to the stress tensor approach. C
puted forces and trapping efficiencies compare well
those predicted by GLMT,66 and the effects of spherical a
erration have been explored.65 Since the second-order R
leigh theory calculates the scattered and unscattered w
the far field interference pattern, which is the basis of
three-dimensional position detection described above
readily calculated.63,64

VII. NOVEL OPTICAL TRAPPING APPROACHES

Optical trapping(OT) has now developed into an act
and diverse field of study. Space constraints preclude a
plete survey the field, so we have chosen to focus on a
number of recent developments that seem particularly p

ising for future applications of the technology.
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A. Combined optical trapping and single-molecule
fluorescence

Combining the complementary techniques of OT
single-molecule fluorescence(SMF) presents significa
technological challenges. Difficulties arise from the roug
15 orders of magnitude difference between the enorm
flux of infrared light associated with a typical trapping la
(sufficient to bleach many varieties of fluorescent
through multiphoton excitation) compared to the miniscu
flux of visible light emitted by a single excited fluoropho
These challenges have been met in a number of diff
ways. Funatsu and co-workers built an apparatus in w
the two techniques were employed sequentially, but
simultaneously.160 In a separate development, Ishijima a
co-workers were able to trap beads attached to the end
long s5–10mmd actin filament while simultaneously mo
toring the binding of fluorescent Adenosine triphosp
(ATP) molecules to a myosin motor interacting with the a
filament.161 In this way, the coordination between the bind
of ATP to myosin and the mechanical motion of the a
filament(detected via the optical trap) was determined. Th
experiment demonstrated the possibility of simultaneo
but not spatially coincident—OT and SMF in the same
croscope field of view. In a more recent development,
simultaneous and spatially coincident OT and SMF h
been achieved, and used to measure the mechanical
required to unzip short duplex regions[15 base pair(bp)] of
double-stranded DNA.138 Dye-labeled hybrids were attach
via a longs,1000 bpd DNA “handle” to a polystyrene bea
at one end(using the 38 end of one strand) and to the cov
erglass surface at the other(using the 58 end of the comple
mentary stand). In one experiment, the adjacent term
ends of the two strands of the DNA hybrid were each lab
with tetramethylrhodamine(TAMRA ) molecules. Due t
their physical proximity, these dyes self-quenched(the
quenching range for TAMRA is,1 nm). The DNA hybrid
was then mechanically disrupted(“unzipped”) by applying a
force ramp to the bead while the fluorescence signal
monitored. The point of mechanical rupture detected with
optical trap was coincident with a stepwise increase in
fluorescence signal, as the two dyes separated, leavin
hind a dye attached by one DNA strand to the coverg
surface, as the partner dye was removed with the DNA s
attached to the bead. Control experiments with fluores
dyes attached to either, but not both, DNA strands ver
that the abrupt mechanical transition was specific for the
ture of the DNA hybrid and not, for example, due to bre
age of the linkages holding the DNA to the bead or
coverglass surface.

B. Optical rotation and torque

Trapping transparent microspheres with a focu
Gaussian laser beam in TEM00 mode produces a rotationa
symmetric trap that does not exert torque. However, se
methods have been developed to induce the rotatio
trapped objects.20,52,162Just as the change of linear mom
tum due to refraction of light leads to the production

force, a change in angular momentum leads to torque. Cir-
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cularly polarized light carries spin angular momentum
course, and propagating optical beams can also be pro
that carry significant amounts of orbital angular moment
e.g., Laguerre–Gaussian modes.163 Each photon in such
mode carriesss+ ld" of angular momentum, wheres repre-
sents the spin angular momentum arising from the pola
tion state of the light andl is the orbital angular momentu
carried by the light pattern. The angular momentum c
veyed by the circular polarization alone, estimated
,10 pN nm/s per mW of 1064 nm light, can be sign
cantly augmented through the use of modes that carry
larger amounts of orbital angular momentum.164 Transfer o
both orbital and spin angular momentum to trapped ob
has been demonstrated for absorbing particles.102,165Transfer
of spin angular momentum has been observed for bire
gent particles of crushed calcite,166 and for more uniform
microfabricated birefringent objects.167,168 Friese and co
workers derived the following expression for the torque o
birefringent particle:166

t =
«

2v
E0

2fh1 − cosskdsn0 − neddjsin 2w

− sinskdsn0 − neddcos 2w sin 2ug, s16d

where« is the permittivity,E0 is the amplitude of the electr
field, v is the angular frequency of the light,w describes th
ellipticity of the light (plane polarized,w=0; circularly po-
larized,w=p /4d, u represents the angle between the fast
of the quarter-wave plate producing the elliptically polari
light and the optic axis of the birefringent particle,k is the
vacuum wave numbers2p /ld, andn0 andne are the ordinar
and extraordinary indices of refraction of the birefring
material, respectively. Theoretically, all the spin angular
mentum carried in a circularly polarized laser beam ca
transferred to a trapped object when it acts as a perfect
wave plate, i.e.,w=p /4 andkdsn0−ned=p. For the case o
plane polarized light, there is a restoring torque on the
fringent particle that aligns the fast axis of the particle w
the plane of polarization.166 Rotation of the plane of pola
ization will induce rotation in a trapped birefringent partic

Whereas the transfer of optical angular momentum
conceptually attractive means of applying torque to optic
trapped objects, several other techniques have been
ployed towards the same end. In one scheme, a high
asymmetric mode, created by placing an aperture in th
field of a laser beam, was used to trap red blood cells: t
could be made to spin by rotating the aperture.169 A more
sophisticated version of this same technique involves i
fering a Laguerre–Gaussian beam with a plane wave be
produce a spiral beam pattern.170 By changing the relativ
phase of the two beams, the pattern can be made to r
leading to rotation in an asymmetric trapped object.48 Alter-
natively, the interference of two Laguerre–Gaussian be
of opposite helicity(l and −l) creates 2l beams surroundin
the optical axis, which can be rotated by adjusting the p
ization of one of the interfering beams.46 Additionally, a va-
riety of small chiral objects, such as microfabricated “opt

propellers,” can be trapped and made to rotate in a symme
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ric Gaussian beam due to the optical forces generate
asymmetrically oriented surfaces.171–174

Rotation of trapped particles is most commonly m
tored by video tracking, which is effectively limited by fram
rates to rotation speeds below,15 Hz, and to visibly asym
metric particles(i.e., microscopic objects of sufficient s
and contrast to appear asymmetric in the imaging mod
used). Rotation rates up to 1 kHz have been measure
back focal plane detection of trapped 0.83mm beads
sparsely labeled with 0.22mm beads to make these optica
anisotropic.175 Backscattered light from trapped, asymme
particles has also been used to measure rotation rates
cess of 300 Hz.102,166

C. Holographic optical traps

Holograms and other types of diffractive optics h
been used extensively for generating complex, high-o
optical trapping beams,20,52,162,165,176such as the Laguerr
Gaussian modes discussed above. Diffractive optical de
may also be used to synthesize multiple optical traps
arbitrary intensity profiles.20,91,177–179A diffractive elemen
placed in a plane optically conjugate to the back apertu
the microscope objective produces an intensity distribu
in the specimen plane that is the Fourier transform of
pattern imposed by the element,177 and several computation
methods have been developed to derive the holographi
tern required for any given intensity distribution in the sp
men plane.91,92,180 Generally speaking, diffractive eleme
modulate both the amplitude and the phase of the inc
light. Optical throughput can be maximized by employ
diffractive optics that primarily modify the phase but not
amplitude of the incident light, termed kinoforms91

Computer-generated phase masks can also be etched
glass substrate using standard photolithographic techn
producing arbitrary, but fixed, optical traps.

Reicherter and co-workers extended the usefulne
holographic optical trapping techniques by generating t
independently movable donut-mode trapping beams wi
addressable liquid crystal spatial light modulator(SLM).181

Improvements in SLM technology and real-time holog
calculation algorithms have been implemented, allowing
creation of an array of up to 400 optical traps, in additio
the creation and three-dimensional manipulation of mult
high order, trapping beams.92,182,183 Multiple optical traps
can also be generated by time sharing, using rapid-sca
techniques based on AODs or galvo mirrors,49,50 but these
are typically formed in just one or two axial planes,184 and
they are limited in number. Dynamic holographic opt
tweezers can produce still more varied patterns, limited
by the optical characteristics of the SLM and the comp
tional time required to generate the hologram. Currently
practical update rate of a typical SLM is around 5 Hz, wh
limits how quickly objects can be translated.92 Furthermore
the number and size of the pixels in the SLM restrict
complexity and the range of motion of generated op
traps,92 while the pixelation and discrete phase steps o
SLM result in diffractive losses. Faster refresh ra
s.30 Hzd in a holographic optical trap have recently b

t-reported with a SLM based on ferroelectric, as opposed to
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nematic, materials.185 Further improvements in SLM tec
nology should expand the possible applications of dyna
holographic optical traps.

VIII. PROSPECTS

The nearly 2 decades that have passed since Ashki
co-workers invented the single beam, gradient force op
trap have borne witness to a proliferation of innovations
applications. The full potential of most of the more rec
optical developments has yet to be realized. On the bio
cal front, the marriage of optical trapping with sing
molecule fluorescence methods138 represents an excitin
frontier with enormous potential. Thanks to steady impro
ments in optical trap stability and photodetector sensiti
the practical limit for position measurements is now com
rable to the distance subtended by a single base pair
DNA, 3.4 Å. Improved spatiotemporal resolution is now p
mitting direct observations of molecular-scale motions in
dividual nucleic acid enzymes, such as polymerases,
cases, and nucleases.86,87,186The application of optical torqu
offers the ability to study rotary motors, such asF1F0

ATPase,187 using rotational analogs of many of the sa
techniques already applied to the study of linear motors
torque clamps and rotation clamps.50 Moving up in scale, th
ability to generate and manipulate a myriad of optical t
dynamically using holographic tweezers20,92 opens up man
potential applications, including cell sorting and other ty
of high-throughput manipulation. More generally, as the fi
matures, optical trapping instruments should no longe
confined to labs that build their own custom apparatu
change that should be driven by the increasing availabili
sophisticated, versatile commercial systems. The physi
optical trapping will continue to be explored in its own rig
and optical traps will be increasingly employed to st
physical, as well as biological, phenomena. In one gro
breaking example from the field of nonequilibrium statist
mechanics, Jarzynski’s equality188—which relates the valu
of the equilibrium free energy for a transition in a system
a nonequilibriummeasure of the work performed—was
to experimental test by mechanically unfolding RNA str
tures using optical forces.189 Optical trapping techniques a
increasingly being used in condensed matter physics to
the behavior(including anomalous diffusive properties a
excluded volume effects) of colloids and suspensions,21 and
dynamic optical tweezers are particularly well suited for
creation and evolution of large arrays of colloids in w
defined potentials.20 As optical trapping techniques contin
to improve and become better established, these should
the way for some great new science in the 21st century
we will be further indebted to the genius of Ashkin.3
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