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Abstract
Force calibration of optical tweezers allows quantitative

force measurements. Here we investigate the escape force
calibration method, which finds the escape force from the
escape velocity. It was found that sphere escapes from the
trap on a different path depending on how long it takes to
reach escape velocity. Escape force varies to about 30
percent, dependent on how fast the escape force is applied.

1 Introduction
Optical tweezers use scattering and gradient forces to

trap microscopic particles in a laser beam. The optical
forces are on the piconewton scale, which is ideal for
cellular environments. Calibrating optical tweezers allows
one to quantify the forces acting in such environments. In
the central trapping region, the force can be approximated
as that of a linear spring as shown in Figure 1. The
calculations are done for a 4.5 micron diameter
polystyrene bead in water. The linear approximation
breaks as the particle reaches the limits of the trap at the
peaks. It is this force at the peak that tells us the greatest
force that could be exerted by the trap onto that particle.
Beyond the peaks, the particle is no longer trapped.

Figure 1 Lateral force-position curve. This the (dimensionless)
force exerted on a 4.5 micron polystyrene bead in water. At the
centre of the trap, there is no force acting on the particle, thus is
stably trapped there. As the particle moves away from the centre,
along a lateral axis (r), the lateral optical force (Q ) increases
roughly linearly. The peaks represent the greatest force of the
trap on such a particle.

To find a relation like that of Figure 1, the trap needs to be
calibrated. There are several calibration methods. The
escape force method calibrates a trap by using the viscous
drag of the medium to see how much force is required for
the particle to escape from the trap. This is shown in
Figure 2.

Figure 2 Escape force calibration of the trap. A bead is trapped
then the stage, with the surrounding medium, is moved with the
viscous drag force pushing the bead out of the trap, thus finding
its escape force. It is generally assumed that this escape force
corresponds to the peak forces of Figure 1.

To find the escape force, a bead is first trapped in a
medium, such as water. The stage is moved to drag the
particle out of the trap. The stage velocity, , corresponds
to a drag force, , which is related through Stokes’ law:

. In general, Г is the particle’s drag tensor, but in
this case for a spherical bead, we have a scalar whereΓ 6πηr	where η is the dynamic viscosity of the medium
and r is the radius of the bead.

It was noticed that experimental measurement of escape
force on cylinders, then checked with spheres, did not line
up with the usual force-position curve, like Figure 1. The
escape force was lower than expected.

Here, we use simulation to vary the time it takes for the
stage to reach escape velocity, from rest; equivalent to
varying how long it takes to apply the drag force.

2 Experiment
The experiment involved trapping the bead and

moving the stage until that the particle can no longer
follow the trap. To find the escape velocity, the position of
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the particle and position of the stage can be tracked. The
stage velocity increases linearly with time. The escape of
the particle can be determined as the point where the
particle’s position changes from being relatively still
around the centre of the trap to following the quadratic
motion of the stage. This is more obvious when looking at
its time derivative, i.e. velocity, as the particle’s velocity
will change from almost zero to increasing linearly to
match the stage velocity. Experiments are done by
accelerating a stage. Viscous drag force is applied to the
trapped particle due to relative motion of the fluid around
the particle. The experiment was performed by two
groups. The acceleration rates for the stage to reach escape
velocity, from rest, were 1 × 10-6 ms-2 and 8.33 × 10-5 ms-2,
which are close to the slower limit.

Figure 3 Tracking position of particle and stage. The particle
position has been shifted so that the escaped part lines up with
the stage. This is done for analysis purposes.

However, the experimental calibration does not tell us
the greatest possible force in trap: it tells us how much
force was required to remove the particle from the trap,
which may still be the greatest force for that run, but the
runs change. Unlike experiment, with simulation, it is
straightforward to record force and position for the entire
escape.

3 Simulation
We simulate the behaviour of a bead and a trap with

the T-matrix method with the toolbox [1]. The position of
the particle, , can be described as= 	 + 	 + + 	 Δt (1)
where is the particle’s drag tensor, the position is altered
by the optical force, , the gravitational buoyancy of
the particle in the medium, , and the velocity of the stage,

. These forces act for a time interval of Δt .The
difference between experiment and simulation is that the
simulation can record position and forces acting on the
particle for the entire run, thus revealing the escape
trajectories, as in Figure 4. We can see that the particle does

not come out of the trap on-axis, as would be suggested by
the usual force-position curve like Figure 1.

Figure 4 Particle doesn’t come straight out of the trap. If escape
force applied slowly, tends to follow the zero contour out of the
trap. If escape force applied quickly, tends to go straight out of
the trap. This is for a 4.5 μm particle escaping from a 4 mW
trap.

By varying the acceleration of the stage, the time taken
to apply the escape force is varied. In Figure 4, we can see
that for greater accelerations, red curve, the particle
escapes almost straight out of the trap, the hard trajectory.
This corresponds to a force curve which essentially
matches the expected force curve, red curve in Figure 5.

Figure 5 Variation of escape force (Qx) for different rates of
applying the escape force. For fast force (red), the particle escapes
along axis and almost matches the expected curve in Figure 4.
For slow force (blue), the particle does not escape along axis and
we see the resulting lower magnitude of Qx which occurs earlier
along the transverse axis.

However, consider the case of slow acceleration, i.e. the
drag force is increased slowly, blue curves. The particle
does not go straight out of the trap, but instead has a
trajectory following lowest axial force, the easy trajectory.
The effect of this trajectory deviation on the escape force
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can be seen in Figure 5. The slow curve, blue, has its
greatest force earlier and of smaller magnitude than the
fast curve, red.

For accelerations between the two extremes (yellow,
green and cyan curves), the trajectories and forces also lie
somewhere between those two corresponding extremes.

We can see that there is a general curve for the escape
Q over different accelerations, which under scaling, is
common over trapping powers, as shown in Figure 6. This
shows that there is a variation of about 30 % for the value
of the escape Q, dependent on how quickly the escape
force is applied.

Figure 6 The high and low escape Q corresponds to the hard and
the easy trajectory. This is the 4.5 µm particle escaping from a
trap with different trapping powers. The same high and low
escape Q exists for different trapping powers.

4 Conclusion
Escape force calibration of optical tweezers does not

necessarily give the greatest possible force from the trap
onto the particle, but actually gives the greatest force as the
particle escapes from the trap. There are the two extreme
rates of applying escape force, with most resulting in
trajectories and escape force values between the two
corresponding to the extreme rates. Which trajectory we
want and the importance of such choice depends on how
the calibration will be used: do we just wish to find how
much force there is when we pull something out or do we
wish to find the greatest force applied by the trap?
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