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Using real-time re-programmable signal processing we connect acousto-optic steering
and back-focal-plane interferometric position detection in optical tweezers to create a fast
feedback controlled instrument. When trapping 3 µm latex beads in water we find that
proportional-gain position-clamping increases the effective lateral trap stiffness ~13-fold.
A theoretical power-spectrum for bead fluctuations during position-clamped trapping is
derived and agrees with the experimental data. The loop-delay, ~19 µs in our experiment,
limits the maximum achievable effective trap stiffness.

87.80.Cc (optical trapping), 87.85.ff (feedback)
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Feedback control has been employed at the nanoscale to confine single molecules in
fluorescence studies1,2, to maintain constant force or torque in optical tweezers
experiments3,4, and to control atomic force microscope tips5. A constant-tension assay is
indispensable in the study of molecular motor mechanisms and has traditionally been
achieved by analog circuitry 6 or slow stage-based control 7,8.

Few reports on the real-time position-clamp control of optically trapped particles have
been published. Simmons et al. 6 reported a 400-fold improvement in trap stiffness using
feedback control, while simulations by Ranaweera et al. 9 using nonlinear control
estimated the achievable stiffness increase to be 65-fold. Wulff et al. 10 used steering
mirrors for feedback control, and were able to reduce the low-frequency (<100 Hz)
fluctuations. However, Wulff et al. used the trapping beam for position-detection,
potentially contaminating the position detection signal with cross-talk from steering.

We provide an experimental and theoretical description of proportional-gain feedback
controlled optical tweezers. We control the position of an optical trap in real-time based
on position detection signals from a stationary detection laser. An independent out-ofloop detection laser provides an unbiased verification of bead position.

Our optical tweezers are built on an air-damped table around an inverted microscope
(Fig. 1). A 1064 nm 4 W continuous wave trap laser is first collimated with a 1:1
telescope (L1:L2) and optically isolated with a Faraday isolator (FI). The beam is steered
using two orthogonal acousto optic deflectors (AOD). A second (1:3, L3:L4) and third
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(1:1, L5:L6) telescope expand the beam to overfill the back aperture of a 100x 1.2
numerical aperture (NA) objective (OBJ). The back-aperture of the objective is imaged
onto a plane between the AODs. Rotating the beam around a point on the optical axis
between the AODs translates the focal spot in the sample plane 11. The AODs provide a
maximum deflection of ±16 mrad which corresponds to ±11 µm trap translation. Direct
digital synthesizers (DDS) with 30-bit control words drive the AODs with a resolution of
0.02 pm in the sample plane. The trapping beam enters the microscope light-path through
dichroic D2.

To track microsphere position we use two independent detection channels in the backfocal-plane interferometric configuration 12. Temperature-stabilized optically isolated
diode lasers at 830 nm and 785 nm were chosen to achieve high bandwidth using Si
detectors 13,14. Beam quality and pointing stability is improved by single-mode fiber
(SMF) coupling. The detection beams are combined with a polarizing beam-splitter
(PBS1), expanded (1:2, L7:L8), and combined with the trapping beam using dichroic D1.

To achieve high spatial resolution in the transverse direction a 1.4 NA condenser
(COND) collects light scattered by trapped objects 15. The back-focal-plane of the
condenser is imaged onto two 2D position sensitive detectors (PD1/2) using L9. Crosstalk between the detection channels is eliminated with a polarizing beam splitter (PBS2)
in combination with laser-line filters (F1/2). Variable gain instrumentation amplifiers
match the position detection signal amplitude to the ±10 V input range of the analog to
digital (AD) converter.
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Data collection, real-time control, and trap steering is performed with a data acquisition
card incorporating a 3 million gate field programmable gate array (FPGA, model PCI7833R, National Instruments). The FPGA-card, programmed using LabVIEW 8.5, allows
control algorithms to run in real-time (200 kHz loop rate) independently of the host
operating system and other computer peripherals.

Analog voltages, corresponding to the bead position measured independently with 830
nm and 785 nm laser beams, are digitized at 200 kS/s with 16-bit precision. A
proportional-gain position-clamping algorithm, Eq. (3), is run every 5 µs. Based on the
785 nm detection signals two 30-bit control words are output to the DDSs that drive the
AODs. The 830 nm detection signals serve as an independent out-of-loop bead position
measurement, since in-loop detection may introduce bias 16.

The power spectral density (PSD) of bead position fluctuations is widely used to
characterize optical trapping. A stationary harmonic trap results in a Lorentzian PSD 17.
However, during feedback control the trap position fluctuates and the PSD becomes nonLorentzian. The Langevin equation (ignoring inertia) for a bead trapped by steerable
optical tweezers is
β x (t ) + k (x(t ) − xtrap (t ) ) = FT (t ) ,

(1)

where β is the drag-coefficient, k the trap stiffness, x the bead position, and xtrap the trap
position. FT is a thermal noise term with zero mean and a constant PSD of
2
~
FT ( f ) = 4k BTβ

. In proportional-gain feedback control the trap is steered so that
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xtrap (t ) = K p (xset − x(t − τ ) ) ,

(2)

where xset is the loop set-point, Kp is the feedback gain, and τ accounts for a delay in
position measurement and trap steering. Inserting Eq. (2) into Eq. (1) the PSD for a
proportional-gain position-clamped bead with xset = 0 can be obtained:
2
~
x( f ) =

4 k BTβ
i 2πfβ + kK p exp(−i 2πfτ ) + k

2

.

(3)

This PSD exhibits a resonance peak at f ≈ 1/(4τ) when Kp is high, but reduces to the
Lorentzian form when feedback control is switched off, i.e. Kp = 0. Using the
equipartition theorem we define the effective trap stiffness

keff =

k BT
< x2 >

,

(4)

which is used to characterize our position-clamp. Here < x 2 > may be determined directly
from an observed time-series, from the PSD through Parseval’s theorem, or, if the trap is
harmonic, by fitting a Gaussian to the position histogram.

The instrument was calibrated at zero gain as described in 18. Latex beads (3 µm
diameter, Micromod) were trapped with a constant trapping laser power (500 mW) in
water at room temperature. Both detection lasers were focused to the same point, and a
trapped bead was centered in the detection area. Bead and trap position data was then
recorded while the feedback gain was increased from Kp = 0 to Kp = 24.8, after which
trapping became unstable. Signals from the 785 nm laser (not shown) were used for
feedback control, while the independent out-of-loop data from the 830 nm laser was
analyzed. Bead position histograms and PSDs for representative Kp values are shown in
5

Fig. 2 and 3. Each of the histograms is well approximated by a single Gaussian. The fits
indicate that the effective trap stiffness increases from 26 pN/µm at Kp = 0 to a maximum
of 340 pN/µm at Kp = 16. The PSD at zero gain shows a Lorentzian shape (Fig 3). In
agreement with the prediction of a resonance at f ≈ 1/(4τ), a peak at ~12 kHz appears at
high gains. To compare the theoretical PSD, Eq. (3), to the experimental data we first
determined β and k from a fit to the zero-gain PSD and then estimated τ ≈ 19 µs from a
fit to the data with the highest gain. Theoretical PSDs for 0 < Kp < 24.8 were then plotted,
without free parameters, and agree well with experimental PSDs (Fig. 3, solid lines).
Finally we determined keff as a function of Kp from the histogram fits, and alternatively
by integrating the PSDs (Fig. 3, inset). A comparison to a prediction obtained by
numerically integrating Eq. (3) shows good agreement with theory. At Kp > ~10 the PSD
becomes increasingly non-Lorentzian and thus the trap non-harmonic, which accounts for
the slight difference observed between calculating keff from a position histogram (which
assumes a linear trap) and calculating keff by finding < x 2 > from the time-series or the
PSD.

This letter shows that position-clamping a 3 µm latex bead in water can increase the
effective lateral trap stiffness ~13-fold. Instability due to finite loop-delay and the
associated resonance peak in the PSD limits the maximum loop gain. The AD conversion
time (5 µs) and the acoustic time-of-flight in the AOD (10 µs) explain most of the
observed 19 µs loop-delay. We also provide an expression for the PSD of a positionclamped bead, Eq. (3), which agrees well with experiments (Fig. 3). This PSD can be
used to predict the effect of feedback control in experiments where the loop-delay and the
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open-loop trap stiffness are known. Feedback control of optical tweezers using a
position-clamp algorithm provides, at constant laser power, an effective lateral trap
stiffness several times the value achieved without feedback. Using less laser power to
achieve a stiff trap reduces optical damage to specimens 19 and may also reduce photobleaching in instruments that combine tweezers with fluorescence 20. In particular, realtime position-clamps may find use in trapping and controlling small (<100 nm) metal
particles or other hard-to-trap objects 21. Our real-time hardware and software can easily
be adapted for other time-sensitive trapping experiments such as force-clamping, timesharing of multiple traps, or possibly noise- and trap potential-shaping.

This work was supported by the Finnish Centre of Excellence in Virus Research 20062011 (grant nr.213467), the Academy of Finland (grant nr. 118462 to R.T.), and
University of Helsinki HENAKOTO funding to E.H. A.E.W is supported by the Finnish
National Graduate School of Nanosciences and the Jenny and Antti Wihuri Foundation.
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FIG. 1. (Color online) Optical and electronic setup. Components inside the dotted line are
mounted inside or on the inverted microscope. Dashed lines show planes
conjugate to the back-focal-plane (BFP) of the objective. TL = Tube Lens, M =
Dielectric Mirror, DA = Digital to analog converter, CCD = Camera.

FIG 2. (Color online) Normalized bead position histograms (symbols) with Gaussian fits
to data (lines).

FIG. 3. (Color online) Bead position PSD data for increasing feedback gain. The
theoretical PSDs, Eq. (3), are shown as solid lines. (inset) Effective trap stiffness as a
function of feedback gain. Filled and open symbols show keff determined from Gaussian
histogram fits and calculated from the PSD, respectively. The solid line shows a
prediction from Eq. (3) and Eq. (4).
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