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Optical traps have been used in a multitude of applications requiring the sensing and application of
forces. However, optical traps also have the ability to accurately apply and sense torques. Birefringent
particles experience a torque when trapped in elliptically polarized light. By measuring the frequency
content of the exiting beam, the rotational rates can be set up in a feedback loop and actively controlled.
Herewedescribe an optical trapwith feedback torque control tomaintain constant rotational rates despite
the introduction of an increased drag on the particle. As a result, this research has the potential to advance
the understanding of rotary motor proteins such as F1 ATPase. © 2008 Optical Society of America

OCIS codes: 120.4640, 140.7010, 350.4855.

1. Introduction

Optical traps have become an important tool in the
physical and biological sciences because of their abil-
ity to manipulate microscopic particles. The various
forms of optical traps, single-beam, two-beam, and
levitating, have been used tomanipulate objects such
as neutral particles [1], viruses and bacteria [2], cells
[3], chromosomes and DNA [4–9], and biological mo-
tors and motor proteins [10–14]. Many of these con-
figurations were constructed with position and force
control. For the construction of force transducers, ac-
tuators were readily available with acousto-optical
deflectors, spatial light modulators, translation
stages, and fast steering mirrors, while position sen-
sors such as direct video measurement, quadrant
photodiodes, and interferometric techniques were
developed later.
The same steps of developing actuators and sen-

sors for force control are being taken to apply torques

to trapped particles. Torque can be applied by using
light’s spin or orbital angular momentum. In 1936,
Beth measured the spin angular momentum of circu-
larly polarized light on a quartz wave plate [15]. Re-
cent experiments have used spin [16–18] as well as
orbital angular momentum [19,20] to apply torque to
trapped particles. Laser beams with well-defined an-
gular momentum, such as Laguerre–Gaussian
beams [21,22], and other beams with phase singula-
rities, such as Bessel beams [23], have also been used
to rotate particles. All of these examples are methods
that can serve as actuators. The methods used to
sense rotational rates varies. Asymmetries have
been introduced to allow for the determination of
the power spectrum of rotating particles [24]. The di-
rect measurement of the torque transfer to trapped
particles has been tracked as well [18,25–27]. Video
methods have also been used [28].

By combining actuation and sensing, one is able to
control both the angular displacements of and tor-
ques applied to trapped particles. This was first ac-
complished by La Porta andWang in 2004 [26]. Here,
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a method is presented to control torque applied to bi-
refringent particles rotating in elliptically polarized
light (see Fig. 1). The polarization of the light is
modulated to apply torque, and a simple sensor is
used to quantify the error from a prescribed angular
frequency. With this combination one is able to main-
tain a constant angular frequency, even in the pre-
sence of an increasing load.

2. Theory

Optical traps are possible because each photon of
light possesses momentum. The linear momentum
flux per photon is p ¼ ℏω=c, where ℏ is Planck’s con-
stant, ω is the angular frequency of the light, and c is
the speed of light. The total momentum flux of a laser
beam with power P is pz ¼ P=c. Torques are applied
by using light’s angular momentum. For circularly
polarized Gaussian beams, each photon has an angu-
lar momentum of�ℏ about the beam axis, equivalent
to an angular momentum flux of �P=ω [15]. An ellip-
tically polarized beam has a resulting angular mo-
mentum flux of Lz ¼ σzP=ω, where σz ¼ 0;�1 for
linearly and circularly polarized light, respectively,
and fractional values for elliptically polarized light
[29]. A quarter-wave plate can convert linearly polar-
ized light into elliptically and circularly polarized
light, depending on the angle the wave plate makes
with respect to the electric field vector.
While partially absorbing particles have been

shown to rotate in circularly polarized light [30], fas-
ter rotation rates are possible by using birefringent
materials. Birefringent materials have a crystalline
structure that leads to an anisotropic refractive in-
dex. This results in two different orthogonal indices
of refraction and a polarization dependent phase de-
lay of

Γ ¼ krdðno − neÞ: ð1Þ
The phase delay is dependent on the wavelength of
the light (wavenumber, kr), the ordinary and extra-
ordinary indices of refraction, no and ne, and the
thickness of the birefringent particle, d.

A laser beam passing through a birefringent mate-
rial of constant thickness experiences a torque due to
the spin angular momentum according to

τ ¼ −
ϵ
2ωE2

0 sinΓ cos 2ϕ sin 2θ

þ ϵ
2ωE2

0f1 − cosΓg sin 2ϕ; ð2Þ

where ϵ is the permittivity, E0 is the electric field am-
plitude, ϕ is the ellipticity of the light, and θ is the
angle between the fast axis of the quarter-wave plate
and the optic axis of the birefringent particle [16,31].
This equation is valid only for birefringent particles
of uniform thickness. While not exact for other
shapes, or for the nonparaxial beam associated with
optical traps, the solution can be used as an estimate
of the torque applied to the particles and a physical
explanation of how the system works. The first term
of Eq. (2) gives the torque applied to a particle by the
linearly polarized portion of the light; the second
term is the torque due to the circularly polarized por-
tion of the light. The particle will undergo a rotation
only when the circularly polarized portion is larger
than the linearly polarized portion. The maximum
rotational rates will occur when the incoming laser
is circularly polarized, that is, ϕ ¼ π=4. This rota-
tional rate can be increased further by increasing
the power of the laser beam.

The resulting rotational frequencies and angular
displacements can be determined by solving the
equation of motion. We will designate two constants
to simplify the notation:

C1 ¼ ϵE2
0

2ω sinΓ cos 2ϕ; ð3Þ

C2 ¼ ϵE2
0

2ω f1 − cosΓg sin 2ϕ: ð4Þ

This results in an equation of motion for the rota-
tional system according to

I €θþβ _θ ¼ −C1 sin 2θ þ C2; ð5Þ

where I is the mass moment of inertia and β is the
rotational Stoke’s drag coefficient (for a sphere, β ¼
8πμr3). Owing to the dominance of viscous forces in
the fluid medium, the inertial effects can be consid-
ered negligible to simplify the equation to

β _θ ¼ −C1 sin 2θ þ C2: ð6Þ

Fig. 1. (Color online) Rotation process. Linearly polarized light
enters a quarter-wave plate, is converted to circularly polarized
light, and then passes through a birefringent particle (vaterite).
Angular moment is transferred to the particle, causing it to rotate.
The resulting light exiting the particle is elliptically polarized.
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By making a change of variable, y ¼ 2θ and _y ¼ 2 _θ,
and setting a ¼ 2C2=β, b ¼ −2C1=β, we end up with
the resultant integral equation

Z
dy

aþ b × sin y
¼ tþ C

¼ 2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 − b2

p tan−1

�
a tan y

2 þ bffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 − b2

p
�
; ð7Þ

where t represents time. We can assume that ∣a∣ ≫
∣b∣, since C2 will be the larger component when par-
ticles are rotating. Also, we can assume that at large
times, t, C0 is small, so this simplifies the equation to

y≃
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 − b2

p
t: ð8Þ

This can be expressed in terms of θ:

θ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C2

2 − C2
1

q
β t: ð9Þ

Taking the time derivative of Eq. (8) yields _θ:

_θ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C2

2 − C2
1

q
β

¼ P
ωβ ðf1 − cosΓg2sin2 2ϕ − sin2 Γcos2 2ϕÞ1=2: ð10Þ

It is important to realize that this result is the
average rotational speed of a trapped particle, since
we are assuming large times. This is obvious from
Eq. (2), since the torque, τ, fluctuates as a function
of the axis of the birefringent particle when the light
is not circularly polarized. Also, the particle will ro-
tate only when C2 is greater than C1. This physically
relates to the particle’s crystalline axis aligning with
the linearly polarized portion of the laser. If ϕ is too
small, the alignment torque inhibits rotation.

3. Experimental Methods

The optical trap is built with an inverted microscope,
a Nd:YAG laser (λ ¼ 1064nm), and a high numerical
aperture objective (Zeiss Plan-Apochromat 63 × =
1:4NA; see Fig. 2). The objective is designed for No-
marski DIC microscopy, which is important in this
application, since it preserves the polarization of
the incoming beam.
The polarization of the trapping laser is modulated

by controlling the angle of a quarter-wave plate. The
wave plate is mounted in a custom-built rotational
stage positioned in front of the epifluorescence port
(see Fig. 2). It is necessary to place this as close to
the objective as physically possible in order to pre-
serve the polarization of the light. The rotational
stage consists of a wave plate mounted in a bearing
that is driven by a stepper motor. A potentiometer is
incorporated in the gear train to sense the angular

position of the wave plate. The angle of the wave
plate is maintained through closed-loop control.

After the laser passes through the sample, the
forward scattered light is collected by a high-NA
condenser (Zeiss Achromatic-aplanatic condenser
1:4NA). The laser beam is separated from the illumi-
nation by a dichroic mirror located above the conden-
ser. The dichroic mirror directs the laser through a
polarizing beam splitting cube and onto a quadrant
photodiode. The intensity signal is antialias filtered
and digitized by using a dSPACE data acquisi-
tion board.

The rotational speed of the trapped particle is mea-
sured by analyzing the intensity of the laser signal on
the quadrant photodiode (see Fig. 3). While it is pos-
sible to measure the rotational frequency directly by
taking an autospectrum of the intensity signal, this
approach was not chosen because of the computa-
tional constraints of block processing and the need
to have the faster sensor signal necessary for feed-
back control. Instead, a method that is usable in a
feedback control scheme was developed. The inten-
sity fluctuations are first detrended by using a high-
pass filter to remove the DC component of the signal.
The signal is then split onto two paths for simulta-
neous high- and low-pass filtering with each filter
having the same cutoff frequency. The cutoff fre-
quency is selected to be in the middle of the range
of desired rotational frequencies. The RMS value
of each signal is then computed and integrated to
give the relative sizes. The signals are then sub-
tracted from each other. The result is not the

Fig. 2. Schematic of the optical trapping setup for rotating bire-
fringent particles. The linearly polarized laser beam is converted
to elliptically polarized light through a quarter-wave plate
mounted in a rotational stage, which rotates trapped birefringent
particles. The forward scattered laser is projected onto a quadrant
photodiode to track the rotational frequency of the particle.
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rotational frequency but rather an error from which
the actual rotational frequency can be calculated.
This method is essentially a frequency comparing
system to give an error signal. A block diagram re-
presentation of this is illustrated in Fig. 4.
The actual rotational frequency can be calculated

from the error signal. To do this, the error sensor was
first simulated by using a swept sine input, the re-
sults of which are presented in Fig. 5. Because both
the error and the corresponding input are known,
these data could then be used in a lookup table to
convert error signals into actual frequencies. This
lookup table would be independent of size, since it
is based on the fluctuations of the intensity signals.
The results were computed with the cutoff frequen-
cies of the high- and low-pass filters set to 25Hz. This
value was chosen to give the most dynamic range be-
tween the frequencies of 10 and 50Hz.

A limitation to this method is that the particles
must be rotating above 10Hz for an accurate mea-
surement. This is not an issue if the particle is al-
ready rotating, since most particles rotate faster
than 10Hz. The frequency sensor is also limited in
the speed of its response. The sensor is an averaging
sensor of the rotational frequencies, and therefore
the speed of this sensor is limited by the low-pass fil-
ter used in the RMS process. Even though the sensor
is limited, the response times are still much greater
than performing an autospectrum to gain frequency
content, which is the reason that this method was
chosen. Also, the sensing system can measure only
the magnitude of the rotational frequency; the direc-
tion remains unknown in this method.

4. Experimental Results

The goal of this research is to build a method to reg-
ulate the rotational rates of birefringent microscopic
particles. As stated in Section 2, this can be accom-
plished by modulating either the polarization or the
power of the trapping laser. In these experiments
only the polarization will be controlled, since actively
controlling the power was seen as potentially harm-
ful to the trapping laser. This also allows the ability
to maintain a trapped particle and servo control the
angular displacement.

The experiments were carried out by using the bi-
refringentmaterial vaterite. Vaterite is an easily pro-
duced, positive uniaxial, birefringent material with
no ¼ 1:55 and ne ¼ 1:65 [25]. Vaterite also forms as
a spherical particle, making the viscous drag easier
to calculate. Using a purely circularly polarized
beam, vaterite particles have been rotated at rates
of 400Hz. To determine the effect of the angle of
the quarter-wave plate, ϕ, on the rotational rates, a
vaterite particle (d∼ 4 μm)was trapped while the an-
gle of the wave plate was incrementally moved 90°.
At each angle, an autospectrum was calculated to de-
termine the rotational frequency. The results for
these particles were consistently ∼10–60Hz with

Fig. 3. Intensity fluctuations of a rotating particle. The particles
do not rotate perfectly about the axis of the laser. This produces a
sinusoidal response signal at the frequency of rotation, which can
be traced in the measured intensity of the forward scattered laser.
This intensity fluctuation is critical to the rotational tracking. This
particle is rotating at ∼24Hz.

Fig. 5. Error signal versus input frequency for a simulated re-
sponse of the rotational error sensor. The cutoff frequencies of
the low- and high-pass filters were both set at 25Hz.

Fig. 6. Experimental results of the rotational frequency of a
4 μm vaterite particle versus the angle (ϕ) of the quarter-wave
plate.
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the maximum rotational frequency when the light
was circularly polarized (ϕ ¼ 45°; see Fig. 6). The
direction of the rotation can be switched by rotating
the wave plate from −90° to 0°, which effectively
switches the handedness of the polarization.
Through analysis of Fig. 6, it is important to note
that the rotational frequencies are not a linear func-
tion of the angular position. Also, rotation occurs only
over a 27° window, and half of that window is a du-
plicate of the first half. This translates to a 13:5°
range for rotational control.
Using these results, an open-loop controller can be

constructed. However, if the particle experiences a
variable load due to viscous drag (e.g., bringing the
sample closer to the surface), or if the particle is teth-
ered, for example, to a rotatory motor protein, the
rotational frequencies will not remain constant. As
a result, a closed-loop servo controller was imple-
mented. Many controller design techniques were
not available because of the complex characteristics
of the system. Owing to these complexities as well as
those of the system associated with the stepper mo-
tor dynamics, the PI (proportional-integral) control-
ler was tuned by Ziegler–Nichols tuning methods. A
block diagram of the controller is presented in
Fig. 7.
The servo control of rotational frequencies is ac-

complished by entering a reference frequency. The re-
ference signal is then compared with the actual
signal to generate an error. The error signal is al-
tered by the controller, K , which produces a com-
mand angle, ϕ, that directs the angular position of
the wave plate. The angle of the wave plate is con-
strained to be 0 ≤ ϕ ≤ 45, since angles greater than
45° reduce the rotational frequency, and would, in ef-
fect, switch the sign of the controller.
A PI controller was implemented, and its perfor-

mance was verified by observing the system’s re-
sponse to a step input. Because of the limitations
of the sensor, the particle had to be rotating initially.
Since 25Hz is the cutoff frequency of the sensor, a
step input from that to 30Hz was used (see Fig. 8).
The system has a rise time of 0:77 s and settles with-
in 1Hz of the desired frequency.
Taking into account the system’s limitations, these

results are expected. The response of the controller is
primarily limited by the sensor, which is an aver-
aging process with a time characteristic of one cycle.
Each cycle is ∼1Hz, so a response much faster than
1Hz is not possible. A faster sensing method is
needed to further push this limit. Even in the pre-

sence of a faster responding sensor, the particle’s ro-
tational speed is not constant, as it fluctuates at
twice the rotational velocity. This is due to the con-
stant acceleration of the particle to align its birefrin-
gent axis with the linearly polarized portion of the
light. This is also a limitation of the system.

5. Conclusions

A rotational feedback control system was success-
fully implemented and demonstrated by modulating
the polarization of the trapping laser. The polariza-
tion was controlled through the use of a quarter-wave
plate mounted in a rotational stage. The rotational
sensor was capable of sensing the error from a spe-
cific frequency, which was then converted to a mea-
sured frequency. The sensor, however, severely limits
the speed of response of the system. The bandwidth
of the sensor is ultimately defined by the bandwidth
of the integrating filter in the system used to calcu-
late the RMS response of the high- and low-passed
signals. This frequency was of the order of 1Hz.

The measured frequencies are also an averaged
frequency of the particle. This is due to the optic axis
of the birefringent particle aligning with the linearly
polarized component of the incoming electric field.
Also, depending on the size of the particle, the effec-
tive polarization window for angular control changes.
Typically, particles of the order of 4 μm would rotate
between the angles of 30° and 45°, while smaller par-
ticles tended to have smaller angular windows. Each
particle size required an individual controller to be
designed for them, since each particle’s rotation win-
dow and viscous drag was different. Self-tuning or
adaptive controllers could be used to tune controllers
for different sized particles.

The selection of the rotational frequency also was
crucial. It was important to select a frequency within
5Hz of the maximum rotational frequency but not
outside the capabilities of the particle. This results
in a nearly linear error sensor around the center

Fig. 7. Block diagram representation of the rotational control
system with feedback control. The rotating particle as well as
the sensor dynamics are represented as G, while K represents
the controller. GA and KA represent the rotational stage and its
controller.

Fig. 8. Step response of a 4 μm vaterite particle from 25 to 30Hz.
The rise time is 0:77 s, and the controller stabilizes the system to
within 1Hz of the desired frequency.
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frequency. Failure to do so did not give the controller
adequate range for control.
The work performed here successfully applied con-

trol to rotational particles by manipulating the polar-
ization of the trapping beam. This work has the
potential to be used to apply torque to biological sam-
ples tethered to a birefringent particle, or for use as a
highly sensitive micropump.

This work was generously supported by National
Science Foundation (NSF) Integrative Graduate Re-
search Traineeship (IGERT) grant DGE-0221632.
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