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Optical trap stiffness in the presence and absence
of spherical aberrations

Karen C. Vermeulen, Gijs J. L. Wuite, Ger J. M. Stienen, and Christoph F. Schmidt

Optical traps are commonly constructed with high-numerical-aperture objectives. Oil-immersion objec-
tives suffer from spherical aberrations when used for imaging in aqueous solutions. The effect of spherical
aberrations on trapping strength has been modeled by approximation, and only a few experimental
results are available in the case of micrometer-sized particles. We present an experimental study of the
dependence of lateral and axial optical-trap stiffness on focusing depth for polystyrene and silica beads
of 2 �m diameter by using oil- and water-immersion objectives. We demonstrate a strong depth depen-
dence of trap stiffness with the oil-immersion objective, whereas no depth dependence was observed with
the water-immersion objective. © 2006 Optical Society of America

OCIS codes: 00.2190, 140.0140, 140.7010, 180.0180.

1. Introduction

In 1986, Ashkin et al. first demonstrated laser optical
trapping,1 which can be used to apply piconewton
forces to micrometer-sized refractile particles when
positioned within tens of nanometers of a diffraction-
limited laser focus. These force and displacement
magnitudes make the technique well suited for
single-molecule studies. Typically, silica or polysty-
rene beads of diameters between 100 nm and 10 �m
are trapped and used as handles to manipulate pro-
teins or macromolecules.2–12 A single-beam optical
trap requires a highly convergent laser beam focused
into a sample chamber. This calls for an objective
with a high numerical aperture (NA). Oil-immersion
objectives are often preferred for this purpose.

When an oil-immersion objective is used for trap-
ping in aqueous solutions, spherical aberration oc-
curs (see Fig. 1) because of the refractive index
mismatch between oil and coverslip �n � 1.55� and
water �n � 1.33�. Rays at a large angle to the optical
axis, originating from the outer ring of the objective

pupil, are focused closer to the coverslip surface than
small-angle rays, originating from the central part of
the pupil. Spherical aberration thus causes the focus
to be smeared out and the maximum light intensity
in the focus to decrease with increasing distance from
the glass surface. As a result, the trap stiffness ���
decreases. Since trapping involves a competition be-
tween (dissipative) scattering and (conservative) gra-
dient components of the force,1 widening of the focus
will make the trap unstable at some distance from
the surface, which will depend on the bead material.
In contrast to oil-immersion objectives, water-
immersion objectives do not suffer from spherical ab-
errations when used to focus into a watery
environment (see Fig. 1). Thus it is expected that trap
stiffness will not depend on the distance of the bead
to the surface when a water-immersion objective is
used.13

In most optical-trapping experiments it is impor-
tant to know the exact trap stiffness to be able to
quantify forces. It is therefore essential to know the
full dependence of the optical-trap stiffness on the
distance to the surface. The depth dependence of
the trap stiffness that is due to spherical aberration is
discussed in two recent theoretical papers in which
different approximations are described. Rohrbach
and Stelzer14 give a detailed analysis of the trap stiff-
ness in the presence of spherical aberrations based on
the propagation of electromagnetic waves. Their
treatment is valid for beads up to a diameter of ap-
proximately one wavelength. Fällman and Axner15

give an analysis of trapping force for micrometer-
sized beads by using a ray-optics approximation. This
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approach is appropriate for the bead size used in
many single-molecule studies.5–9,11,12 Their study,
however, discusses only the axial and not the lateral
trap stiffness. The latter is often more relevant in
experiments. Some experimental data are available
to compare with the theoretical predictions,16–20 but
these studies mostly deal with bead sizes smaller
than or comparable with the wavelength of the light
used for trapping.

In this paper we explore the dependence of lateral
and axial trap stiffnesses for beads of �2 �m in di-
ameter on the distance to the surface in the presence
and absence of spherical aberration for two commonly
used bead materials, polystyrene and silica. We re-
confirm that the trap stiffness when a water-
immersion objective is used is independent of the
distance to the surface. Using this feature, we explore
the changes in the viscous drag coefficient near the
coverslip surface that are due to boundary effects,
and we use this as a method to determine the dis-
tance of the bead to the surface.

2. Materials and Methods

A. Experimental Setup and Sample Preparation

Two different setups, described in more detail else-
where,21–23 were used, both in a standard single-
beam optical-trapping configuration. The first uses a
water-immersion objective (60�, Nikon Plan Apo,
NA of 1.2) with a back aperture of �9 mm to focus

a 1064 nm laser beam (Millenia IR, Nd:YVO4,
10 W cw, Spectra-Physics, Mountain View, Califor-
nia) into the sample chamber. Just before entering
the objective, the beam was 11.5 mm with an approx-
imately top-hat shape and a power of 320 mW. A
quadrant photodiode (UDT Sensors, Inc., Hawthorne,
California), placed in a position conjugate to the back
focal plane of the condenser that collects the laser
light downstream from the trap, was used to detect
the position �x, y� of the bead in the plane normal to
the optical axis.24

The second setup uses an oil-immersion objective
(100�, Zeiss Neofluar, NA of 1.3) with a back aper-
ture of 4.2 mm to focus a 1064 nm laser (Nd:YAG, 4
W cw, Compass 1064-4000M, Coherent, Santa Clara,
California) into the sample chamber. Just before en-
tering the objective, the beam was a Gaussian with
3.9 mm FWHM and had a power of 200 mW. A quad-
rant photodiode (YAG444-4A, Perkin-Elmer, Vau-
dreuil, Canada), again back-focal-plane conjugate,
was used to measure the lateral position of the bead
in the trap. A piezo-controlled stage (Nano-LP-100,
Mad City Labs, Madison, Wisconsin) was used to
move the sample with respect to the trap.

We measured the axial position of the bead in both
setups by monitoring the total intensity recorded by
the quadrant diode. Axial fluctuations modulate by
interference the total amount of light collected with a
finite aperture, and, in a range of the order of 1 �m
around the focus, total intensity change is propor-
tional to axial displacement.25

For both setups the signals of the quadrant photo-
diode were processed and amplified by custom-built
analog electronics, then digitized by a 200 kHz analog-
to-digital converter (AD16�ChicoPlus, Innovative In-
tegration, Simi Valley, California), processed, and
saved to file with custom-designed software (Lab-
VIEW, National Instruments, Austin, Texas). Data
recorded included the x- and the y-displacement sig-
nals of the bead in the trap and the averaged total
light intensity on the quadrant photodiode. In the
case of the setup with the oil-immersion objective, the
z position of the piezo-controlled stage was also
stored.

Sample chambers with an inner height of approx-
imately 125 �m were constructed with two parallel
strips of parafilm as spacers between a microscope
slide (Menzel-Gläser, Braunschweig, Germany) and
a coverslip �#1.5, 0.16–0.19 mm, Menzel-Gläser). To
seal the coverslip to the slide, the construct was
lightly compressed under a 90 °C heat block for
15–20 mins. Bead samples were prepared by diluting
polystyrene beads with 2.17 �m diameter
�0.5% weight�volume �w/v�, Spherotech Inc., Liber-
tyville, Illinois] and silica beads with 2.1 �m diame-
ter (10% w�v, Bangs Laboratories Inc., Fishers,
Indiana) 25,000 to 40,000 times in demineralized wa-
ter.

B. Measurement Protocol

An experiment consisted of the determination of the
position of the coverslip surface, recording of dis-

Fig. 1. (a) Ray-optics sketch of a beam focused into water with an
oil-immersion objective through a glass–water interface. Spherical
aberration occurring at the glass–water interface produces an elon-
gated focus with rays at critical angle for total internal reflection
remaining at the surface. Rays with a small angle to the optical
axis are focused deeper in the sample than rays with a larger angle
to the optical axis. Dotted lines indicate where the focal point
would have been in the absence of spherical aberrations (matching
refractive indices). (b) When a water-immersion objective is used,
the beam is refracted at both the water–glass and the glass–water
interfaces, resulting in an undistorted focus, even at large dis-
tances from the surface.
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placement fluctuation data at different distances to
the surface, and the subsequent determination of
trap stiffness.

We started each series of measurements by deter-
mining the position of the center of the bead relative
to the surface. In the setup with the water-immersion
objective, we used the reflection of the laser light from
the coverslip–water interface to determine the zero
position. When the focal plane of the laser is imaged
onto the camera (trap and image parfocal), the re-
flected small fraction of the laser beam will produce
the smallest laser spot on the camera when the re-
flecting surface reaches the focus. Starting from this
point, we varied the distance of the focus to the cov-
erslip by moving the stage with a differential micro-
meter with a readout resolution of 100 nm. In
practice, the bead will be trapped slightly beyond the
focus of the beam. This offset error in the distance
was determined and corrected in the data analysis
procedure (see Section 3).

In the setup with the oil-immersion objective, we
determined the position of the piezo stage at which
the bead touched the surface (distance to surface
equals the bead radius) by driving the z direction of
the piezo-controlled stage externally with a 0.033 Hz
triangular voltage. When the bead touched the sur-
face, the total intensity on the quadrant diode
abruptly started to change.26 The corresponding po-
sition of the piezo stage was determined in LabVIEW.
Repeated measurements and averaging provided a
measurement of surface position with a typical stan-
dard error of the mean (s.e.m.) of �25 nm. We
changed the distance of the bead to the surface by
moving the sample with the piezo stage that was
controlled in LabVIEW. Since the position of the fo-
cus will change because of refraction and spherical
aberrations, the actual distance of trapping position
to surface, hbead, will be somewhat smaller than the
amount moved by the stage, hpiezo, when the focus is
moved away from the surface by the oil-immersion
objective. The refraction effect can be approximated
by a small-angle correction15:

hbead �
nw

ng
hpiezo, (1)

where ng and nw are the refractive indices of water
and glass, respectively. A more accurate approxima-
tion is in principle possible,27,28 but the difference
between the results is below our experimental error
margin. Additionally, we ignored the fact that not
only the position of the focus but also the position of
the potential minimum for trapping is changed by
spherical aberrations because the balance between
scattering and gradient forces changes.27

After determining the position of the surface, we
increased the distance between the bead and the sur-
face stepwise, starting from the surface, collecting
bead-position fluctuation data every 0.5 �m at dis-
tances smaller than 10 �m, every 1.0 �m at distances
between 10 and 20 �m, every 2.0 �m at distances

between 20 and 40 �m, and (only for the water-
immersion objective) every 5.0 �m at distances to the
surface larger than 40 �m. Note that these steps in
distance refer to the physical movement of the stage
or the objective. The actual distances were calculated
as described in Eq. (1) when the oil-immersion objec-
tive was used. At a given distance to the surface, the
Brownian motion of the bead was recorded for at least
15 s at a sampling rate of 20 kHz.

Because trap stiffness is linearly dependent on the
light intensity, small changes in light intensity be-
tween different measurement series were corrected
in the data analysis process by use of the measured
total light intensity on the quadrant diode to scale the
data sets to an average intensity.

C. Data Evaluation

A LabVIEW program was used to fit the power spec-
tral density S�f� of the displacement time series data
to a Lorentzian, S�f� � S0 fc

2��fc
2 � f 2� (see Fig. 2).

The corner frequency fc of this Lorentzian determines
the trap stiffness �24,29,30:

� � 2��fc, (2)

where � is the drag coefficient for a bead with radius
a in a fluid with viscosity �. At large distances from
the surface, the drag coefficient is given by Stokes’s
law: � � 6��a. Close to the surface, the viscous drag
coefficient increases according to Faxen’s law31,32:

� �
6��a

�1 	
9

16�a
h��

1
8�a

h�3

	
45

256�a
h�4

	
1

16�a
h�5	,

(3)

Fig. 2. Measured power spectral density (solid curve) of the ther-
mal position fluctuations of a 2.1 �m silica bead in water, mea-
sured with a sample rate of 20 kHz for 15 s and smoothed by
logarithmic binning. A Lorentzian (dashed curve) is fitted to the
data. The left-hand axis is labeled in units of volts squared per
hertz, the right-hand axis in nanometers squared per hertz with a
detector response factor R of 7.45 � 10�8 m�V.
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where h is the distance of the center of the bead to the
coverslip surface. This approximation is valid in the
proximity of one wall, in this case the coverslip sur-
face, as long as a �� h. During our experiments the
beads were always more than 70 �m away from the
second surface, the microscope slide. Its contribution
could therefore be neglected. Note that this method to
determine the trap stiffness does not require a cali-
bration of the photodiode signal measured in volts to
actual displacement in nanometers, but it is depen-
dent on having an accurate value for the viscous drag
that changes strongly in the vicinity of the surface.
The result is therefore dependent on an accurate dis-
tance measurement.

To check both the applicability of Faxen’s law and
the accuracy of the distance measurement, we used a
second method to determine trap stiffness in the
case of the water-immersion objective. This (vari-
ance) method consisted of calculating the total mean-
square displacement of the bead in the trap that, by
equipartition, directly yields trap stiffness without
the need to know the local viscous drag coefficient29:


x2�m2�� �
kBT

�
. (4)

In this case knowledge of the calibration factor R of
the detector, relating photodiode voltage to actual
distance moved, is required. R also relates the power
spectral density S�f� in nanometers squared per hertz
to SV�f� the power spectral density in volts squared
per hertz by means of SV�f� � S�f��R2. We calculate R
from the high-frequency part of the power spectral
density by using

lim

f 		 fc

Ç
f 2SV(f) � fc

2S0
V,

provided � is known, as30

R�m�V� � � kBT

�2�fc
2S0

V . (5)

We determined and averaged R from several mea-
surements with bead–surface distances larger than
20 bead radii. At these large distances � is essentially
independent of the distance to the coverslip. We as-
sume R does not change with distance to the surface
when the water-immersion objective is used because
there are no spherical aberrations present. In that
case internally consistent results are the a posteriori
justification of this assumption.

3. Results

Figure 3 shows how the corner frequency fc of the
lateral Brownian motion of a trapped bead increases
when we are trapping deeper in the sample chamber
(open symbols). Here we used the water-immersion
objective. Since spherical aberration should not occur

in this case, we expect the variation in fc to stem
entirely from the dependence of the drag coefficient
on the distance to the surface [Faxen’s law, relation
(3)]. Consistent with this expectation, the change oc-
curs within a few bead diameters from the surface,
and fc remains approximately constant at larger dis-
tances �
10a�. To quantitatively verify this hypoth-
esis, we fitted Faxen’s law to the inverse of fc (Fig. 3)
with two fitting parameters, the large-distance limit
and a distance correction �h to compensate for the
trap–focus offset and a possible error in the surface-
position measurement. The sum of these two correc-
tions can be accurately determined by the fit because
of the rapid change of the drag coefficient near the
surface. The total correction of distance �h was ap-
proximately 0.28 � 0.20 �m (s.e.m.). We found good
agreement between the experimental data and Fax-
en’s law (Fig. 3, residuals plot). Figure 4 shows the
quality of the fit in a different way, by plotting the
average of multiple data sets of lateral trap stiffness
for both silica (circles) and polystyrene beads
(squares), derived from measured fc values by means
of Eq. (2) (closed symbols). We used the corrected
distance h � �h to calculate the drag coefficient
needed in Eq. (2). For comparison, Fig. 4 also shows
trap stiffness as found with the variance method
(open symbols), which is not affected by the variation
of the drag coefficient near the surface. We found
agreement within measurement errors between the
two results. The spread in trap stiffness over the

Fig. 3. (a) Dependence of the corner frequency of the Lorentzian
fit to the power spectral density on the distance between bead and
glass surface. A data set is shown for a silica bead, 2.1 �m in
diameter, trapped with the water-immersion objective. Open cir-
cles are the corner frequency fc (right-hand axis), closed circles 1�fc
(left-hand axis). We fitted Faxen’s law [relation (3)] to 1�fc with two
free fitting parameters: the large-distance limit and an offset of the
distance axis. (b) Residuals of the fit.
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complete distance range was 5%–7%, whereas the
estimated error per data point is of the order of a few
percent. Comparing beads of different materials, but
the same sizes, we found that the trap stiffness of
polystyrene is more than twice that of silica (Fig. 4).
A higher trap stiffness for polystyrene was expected
from the index of refraction difference between the
two materials.

In summary, these results confirm in an internally
consistent manner that (1) Faxen’s law is applicable
for the increase of viscous drag near the surface, (2)
for the water-immersion objective the calibration fac-
tor R for the detector measured at a large distance is
valid for all distances, and (3) trap stiffness � is in-
dependent of the focusing depth for the water-
immersion objective.

Figure 5 shows the measured depth dependence of
the lateral trap stiffness with the oil-immersion objec-
tive, i.e., in the presence of spherical aberrations, for
both silica and polystyrene beads. We used Faxen’s law
directly to calculate �, using the distance to the surface
measured and refraction corrected as described in Sec-
tion 2. As seen with the water-immersion objective, the
trap stiffness for polystyrene beads was more than
twice that for silica beads of approximately the same
size. Figure 5 clearly shows a continuing decrease of
the optical-trap stiffness with increasing distance to
the surface. At small distances the error margins on
the data increase because of the strong dependence of
the viscous drag correction on bead radius and dis-
tance [relation (3)].

Axial trap stiffness is predicted to change even

more drastically than lateral trap stiffness.14 We
used the corner-frequency method to qualitatively de-
termine the dependence of the axial trap stiffness on
the distance to the coverslip surface (Fig. 6). The
data, which are noisier because the setup was mainly
designed and optimized to measure lateral trap stiff-
ness, was normalized to 1 at a distance of 10 �m to
the surface for both data sets. The axial trap stiffness
decreases with increasing distance to the surface,
and this decrease follows approximately the
same trend for both bead materials. For the water-
immersion objective we did not observe a depth de-
pendence for the axial trap stiffness, as expected
(data not shown). The ratio was �z, silica��z, polystyrene
� 0.45 � 0.02, comparable with the ratios for these
two materials in the lateral direction as determined
with both the water- and oil-immersion objectives.

4. Discussion

The results in Figs. 3 and 4 of the measurements with
the water-immersion objective are in agreement with
theoretical expectation (see Fig. 1) and the experimen-
tal results of Capitanio et al.13 For the oil-immersion
objective, high-angle rays will increasingly lag behind
the main focus when focusing deeper into the lower-
index medium, with the limiting rays that are just at
the critical angle for total internal reflection always
remaining close to the interface (see Fig. 1). The focus

Fig. 4. Lateral trap stiffness as a function of the distance to the
glass surface for silica beads (2.1 �m diameter, circles) and poly-
styrene beads (2.17 �m diameter, squares), trapped by the water-
immersion objective. Closed symbols represent the results of the
corner-frequency analysis; open symbols represent the results of
the variance analysis. Each point in the graph is the average of at
least two separate measurements.

Fig. 5. Lateral optical-trap stiffness as a function of the distance
to the glass surface for silica beads (2.1 �m diameter, circles) and
polystyrene beads (2.17 �m diameter, squares), trapped with the
oil-immersion objective. Trap stiffness was determined with the
corner-frequency method. Data points in the graph are averages
over multiple data sets. Error bars are calculated from uncertain-
ties in bead radius and distance. Error bars are larger close to the
surface because of the strong dependence of Faxen’s law on bead
radius and distance in this region. The distance of the bead to the
surface is smaller than the distance traveled by the piezo stage
because of refraction. We approximately corrected for this effect by
using Eq. (1).
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will roughly maintain its lateral cross-sectional shape
but will be smeared out in the axial direction with the
maximum of intensity at the far end from the sur-
face.33 The trap will thus lose more and more high-
angle rays that contribute strongly to the gradient
force. We observed a monotonic decrease of trap stiff-
ness for our 2 �m beads, consistent with expectation
(see Fig. 5). We found in this study that the lateral
trap stiffness rapidly decayed close to the surface and
showed a more gradual decrease farther away. The
experimental results of both Ghislain et al.17 and Felg-
ner et al.20 for the lateral trap stiffness and trapping
efficiency Q, respectively, for 1 �m polystyrene beads
as functions of the distance also indicated a qualita-
tively similar behavior. The lateral trap stiffness for
beads larger than the laser wavelength in the pres-
ence of spherical aberrations has not been calculated.

A. Modeling of Lateral Trap Stiffness

As a simple approximation we use the fact that the
shape of the focus is hardly changing in the lateral
direction and estimate the lateral trap stiffness as
proportional to the light intensity near the maximum
of the smeared focus, axially integrated over a bead
radius. Wiersma et al.33 provide a detailed analysis of
the interference patterns that occur in the axial di-
rection when the focus is distorted because of
spherical aberrations occurring at a plane interface
with index mismatch. They also present a simple
stationary-phase approximation for the axial distri-
bution of the focused light [their Eq. (20)]. We used

this approximation to estimate the fraction of the
total light intensity that interacts with a bead in the
focus of the trap at different distances from the in-
terface (see Fig. 7). The stationary-phase approxima-
tion is valid between the so-called paraxial and
marginal shadow boundaries, where rays from the
central and outermost parts of the objective pupil are
focused, respectively, according to ray optics. The
paraxial shadow boundary is equal to the location of
the focus after refraction is taken into account [Eq.
(1)]. We integrated the axial intensity distribution
over a bead radius from the paraxial shadow bound-
ary toward the surface and divided the result by the
integral of the total axial intensity distribution
between both shadow boundaries. Figure 7 shows
relatively good correspondence between the thus-
estimated trap stiffness and our data for silica beads,
which were scaled to match the theoretical curve at
the largest measured distances. The theoretical
curve, because of the normalization by the total in-
tensity, extrapolates to 100% at the surface. The
measured trap stiffness, normalized to theory at
large distances, reaches larger values close to the
interface for silica beads. This is likely due to the lack
of accuracy of our approximation. Furthermore, the
theoretical curve lies systematically above the data
for intermediate distances. This is most likely ex-
plained by the fact that we assumed that all light
contributes equally to the optical gradient force and
thereby the trap stiffness. High-angle rays, in fact,
contribute more than paraxial rays, and the former

Fig. 6. Examples of the axial trap stiffness as a function of the
distance between bead and glass surfaces for silica beads (2.1 �m
diameter, circles) and polystyrene beads (2.17 �m diameter,
squares), trapped with the oil-immersion objective. Trap stiffness
was determined with the corner-frequency method. Data were
taken under different conditions, and only the relative changes in
trap stiffnesses are compared by normalization of the curves to 1 at
a distance of 10 �m.

Fig. 7. Comparison of an approximate model with measured trap
stiffnesses for silica beads (2.1 �m diameter, circles) and polysty-
rene beads (2.17 �m diameter, squares), trapped with the oil-
immersion objective (see text). In this model, light intensity on the
bead is a measure for trap stiffness. The experimental data are
scaled to fit to the theoretical curve at large distances. Distance to
the surface was calculated from stage displacement by use of
Eq. (1).
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are rapidly lost from the focal intensity maximum
because of aberration when focusing deeper into the
water.

For polystyrene beads the mismatch between the
theoretical curve and the data is more pronounced
(Fig. 7). This is not unexpected because our treatment
implicitly assumes that the field distributions are not
influenced by the presence of the bead (Raleigh–
Debye approximation). Although this is a reasonable
assumption for silica beads (index ratio �1.38�
1.33 
 1.04), it is less valid for polystyrene beads
�index ratio 1.5�1.33 � 1.13�.

B. Axial Trap Stiffness

In the axial direction one might expect a larger de-
crease in the trap stiffness than in the lateral direc-
tion because the peak light intensity decreases and
spherical aberrations alter the shape of the focus
more in the axial than in the lateral direction. How-
ever, we observed an approximate threefold decrease
in trap stiffness for polystyrene beads when focusing
at 25 �m distance from the surface, comparable with
the decrease observed in the lateral stiffness. Exper-
imental data from Wright et al.18 and Felgner et al.20

show a similar depth dependence of the axial trap-
ping efficiency Q, both in magnitude and in shape. In
Felgner et al.20 the silica beads were in the same size
range (diameters of 2.70 and 1.20 �m) as that of the
beads we use. For these beads the decrease in Qax was
also threefold to fourfold when focusing at 25 �m
distance from the surface. Wright et al.18 uses smaller
silica beads (diameter of 1 �m), but this study con-
tains only a small number of data points, and the
maximum distance between the bead and the glass
surface was 12 �m. The study of Ghislain et al.17

contains too few data points in the axial direction to
determine a trend in the data. Fällman and Axner
calculated the depth dependence of the axial trap
stiffness theoretically for beads in the micrometer-
sized range.15 They predict a slightly larger decrease
in trap stiffness over the distance range up to a dis-
tance of 10 bead radii than what we find, but quali-
tatively our data agree with their calculations.

5. Conclusions

We have quantitatively mapped out the effect of
spherical aberration on an optical trap formed in a
watery solution by an oil-immersion objective. Our
data can be explained by a simple model based on the
loss of intensity in the focus, albeit that the agree-
ment is closer for silica than for polystyrene beads. A
better model for the lateral stiffness of the trap for
beads larger than the trapping wavelength is still
needed. When a water-immersion objective was used,
i.e., in the absence of spherical aberrations, the lat-
eral trap stiffness was independent of the distance to
the surface, as expected. We have shown that this
independence can be used to precisely determine the
distance of the bead to the surface.

When water- and oil-immersion objective data are
compared, it is seen that the advantage of a water-
immersion objective is that trap stiffness is main-

tained even at large distances from the surface. An
oil-immersion objective, however, traps stronger very
close to the surface and is necessary, for example, in
some single-molecule fluorescence techniques.
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