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Three-dimensional force measurements in optical
tweezers formed with high-NA micromirrors
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The three-dimensional trap stiffness of optical tweezers formed with high-NA micromirrors is investigated
by back-focal-plane interferometry and power spectrum analysis. Normalized stiffness values of �xy /Ptrap
=1.2��N/m� /mW and �z /Ptrap=0.52��N/m� /mW in the transverse and axial directions, respectively, have
been measured for polystyrene spheres with a radius of 1.03 �m. Compared with high-NA microscope ob-
jectives, micromirrors achieve much better trapping performances, particularly in the axial direction.
© 2009 Optical Society of America
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Optical tweezers (OT) [1] have found broad applica-
tions in biology and physics, e.g., for the mechanical
characterization of single biomolecules [2,3], for fun-
damental studies on Brownian motion and thermody-
namics at the microscopic scale [4,5], or for in situ
viscometry [6]. The tight focusing of the laser beam,
necessary for creating stable three-dimensional (3D)
OT, is usually achieved with a high-NA microscope
objective. However, the cost, bulkiness, and short
working distance of these objectives severely limits
the conceivable application range of OT. We have re-
cently proposed the use of miniaturized high-NA
parabolic mirrors, integrated at the level of a micro-
fluidic chip, for simultaneous multiple optical trap-
ping and fluorescence detection [7]. Such micromirror
OT (MOT) are among the few existing integrated ge-
ometries capable of 3D optical trapping that include
fiber-based optical traps [8–10], diode lasers mono-
lithically integrated in microfluidics [11], and micro-
fabricated water-immersion zone plates [12]. MOT
were already shown to withstand large escape forces
in microfluidic flows with beads as large as 9.33 �m
in diameter. However, the most important aspect for
applications where OT are used as force transducers
is the trap stiffness achievable with micrometer-sized
spheres. In this Letter, we present precise measure-
ments of the 3D trap stiffness generated by MOT, us-
ing back-focal-plane interferometry and power spec-
trum analysis.

Micromirrors were fabricated using a molding
technique described in detail in [7]. Briefly, a fused-
silica microlens array (Süss MicroOptics, Switzer-
land) coated with a 50-nm-thick gold layer is im-
mersed in UV epoxy (NOA65, n=1.51 at 1064 nm)
onto a 1-mm-thick glass slide. After polymerization,
the microlens array is ripped off the glass slide, leav-
ing its inverse structure coated with gold on the lat-
ter. The concave mirrors are further filled with the
same UV epoxy and protected with an 80-µm-thick
coverglass glued on top. Each micromirror has a di-

ameter of 240 �m and a radius of curvature of
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350 �m, yielding an effective NA of 0.93. The foci of
micromirrors are located approximately 10 �m above
the protective coverglass. A glass flow chamber as-
sembled around the slide with micromirrors allows
conveying particles to the trapping area using a flu-
idic system.

Laser light from an ytterbium fiber laser emitting
in a linearly polarized TEM00 mode (IPG Photonics,
YP-1064LP, �=1064 nm) is resized by an afocal tele-
scope to a Gaussian diameter (1/e2 level) approxi-
mately five times larger than the diameter of a single
micromirror. As illustrated in Fig. 1, this laser beam
hits a 5 mm large nonpolarizing 50% beam splitter
cube placed on top of the fluidic chamber, allowing
half of the laser power to strike upon the micromir-
rors at normal incidence. A long working distance mi-
croscope objective (Leitz-Wetzlar H32�, NA=0.6,
� /1.80 Quarzglas, Germany) positioned on top of a

Fig. 1. (Color online) Schematic representation of the op-
tical setup employed for forward light scattering detection
from an MOT. The inset shows the vertical structure of the

fluidic device embedding micromirrors.
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selected micromirror in the array collects scattered
and unscattered light across the same beam splitter
cube, while the objective’s back focal plane is imaged
onto an InGaAs quadrant photodiode (G6849,
Hamamatsu, Japan). The photodiode signals encod-
ing the 3D position of the particle [13,14] are ampli-
fied analogically (Öffner Electronics, Germany) and
digitized to 16 bits (LTT-184, LTT GmbH, Germany)
at a frequency of 104 kHz during 20.2 s. The mea-
sured trajectories in the x, y, and z directions are
Fourier transformed to obtain the power spectral
densities P�f�, that are subsequently gathered into
blocks to ensure normal distribution (nb=200 points
per block) [15]. A precise control of the laser power in
the trap is crucial for the comparison with values of
trap stiffness previously reported in the literature. It
is calculated from the measured optical power and
Gaussian beam width at the beam splitter cube, and
accounts for the power transmission of 93% charac-
teristic for micromirrors [7]. The employed polysty-
rene (PS) microspheres (Polysciences, Inc., USA, ra-
dius of a=1.03 �m) were suspended in pure distilled
water at a concentration of �106 microspheres/ml.

The theoretical expectation for P�f�, including hy-
drodynamic memory effects that are nonnegligible in
our experimental conditions [16], is given by Berg-
Sørensen and Flyvbjerg [15],

P�f� =
D
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This equation is fitted to the blocked experimental
P�f� with the particles’s diffusion constant D and the
corner frequency fc as free parameters. The latter
gives direct access to the trap’s spring constant �
=2��fc, where �=6��a is the friction coefficient de-
pending on the kinematic viscosity � of the fluid and
the radius a of the trapped sphere. The characteristic
frequencies f	=� / �2�a2
� (where 
 is the fluid den-
sity) and fm=3�a /m (where m is the mass of the
trapped sphere) are described in [15]. The detector
sensitivity, relating the photodiode voltage signals to
the absolute bead displacements, is calibrated by
comparing the theoretical diffusion constant D
=kBT /� with the diffusion constant fitted to noncali-
brated signals. Finally, aliasing artifacts are avoided
by limiting the fitting procedure to one tenth of the
sampling frequency [15].

Figure 2 illustrates experimental power spectral
densities measured on an MOT. For clarity, only the
power spectra in the x direction (cross) and the z di-
rection (plus) are shown, as the x and y power spectra
are almost overlapping. The background noise levels
acquired while the trap was empty are also shown
(lower curves), demonstrating that the signal-to-
noise ratio is well above 10 all over the shown fre-
quency range. Continuous curves are fits to Eq. (1),
whose quality is supported by the calculated frac-
tional standard deviation of 7% between 20 Hz and
10.4 kHz, in agreement with the expected fractional

�
deviation of 1/ nb [15]. In the data shown on Fig. 2
the cut-off frequencies are 531 Hz in the x direction
and 230 Hz in the z direction, corresponding to re-
storing spring constants of �x=65 �N/m and �z
=28 �N/m achieved with an optical power of Ptrap
=55 mW. Position fluctuations in the MOT, cali-
brated through the fitting procedure, are shown on
the 2D histograms of Fig. 3. The trapping potential is
almost symmetric in the x–y plane, the trap being
�5% stiffer in the (polarization) y direction. The po-
tential in the x–z plane is only moderately elongated,
as a consequence of the relatively high axial trap
stiffness.

Table 1 summarizes the experimental results ob-
tained on 15 different measurements involving three
different micromirrors. It also shows the results of a
series of measurements made for comparison on a
conventional OT, where the trap was generated
through a water-immersion microscope objective
(Zeiss C-Apochromat 40� /1.20 W Corr UV-VIS-IR).
Measurements were performed in analog conditions
(same PS spheres, trapping laser, and detection sys-
tem, similar beam to entrance-pupil overfilling ratio,

Fig. 2. (Color online) Blocked P�f�, in the x (cross) and z
(plus) directions, measured on an MOT when trapping PS
spheres with radius a=1.03 �m. Continuous black curves
are fits to Eq. (1). Lower traces show the instrument back-
ground noise levels.

Fig. 3. (Color online) Histograms showing the experimen-
tal position distributions of a particle trapped in an MOT

during 20.2 s (a) in the x–y plane and (b) in the x–z plane.
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identical power accounting for the measured objec-
tive transmission of 60% at the laser wavelength).
The measured values of the transverse trap stiffness,
normalized by the effective optical power in the trap,
are closely matching the theoretical and experimen-
tal value of �1��N/m� /mW previously reported with
a high-NA microscope objective for 1 �m radius PS
spheres [17]. The stiffnesses measured on the MOT
are even superior to those measured on the conven-
tional OT, especially in the z direction. While a sys-
tematic underestimation of optical power in the MOT
may have resulted in a small overestimation of the
force per unit optical power, the ratio �xy /�z between
the transverse and axial trap stiffnesses is indepen-
dent of the optical power. Thus this ratio clearly dem-
onstrates that micromirrors generate traps with a
proportionally higher axial stiffness. At first glance,
these results may seem surprising, as the micromir-
rors used in the present experiments have an NA of
0.93, lower than the 1.2 NA of the microscope objec-
tive. However, the focusing characteristics of a micro-
mirror are different from that of a microscope objec-
tive. Indeed, the (intensity) apodization function of a
microscope objective obeying the sine condition is
given by A���=cos �, which approaches zero for large
focusing angles. In contrast, a parabolic micromirror
is characterized by A���=4/ �1+cos ��2, which di-
verges for large angle rays (a derivation can be found
in [18]). A micromirror thus naturally generates a fo-
cused beam with proportionally more energy in its
higher spatial frequency components, which is
known to play an important role in the axial trap
stiffness [19,20]. Apart from differences in the
apodization, there might also be one in the amount of
spherical aberration (SA). SA generated by the micro-
mirrors depends on the respective thicknesses of the

Table 1. Average Transverse Trap Stiffness �xy= „�x
+�y… /2 and Axial Trap Stiffness �z, Normalized

by the Effective Optical Power Ptrap in the Trap
(Units are �N/m/mW), and Ratio �xy /�z Between

Transverse and Axial Trap Stiffnesses
(Dimensionless)a

Micromirror
�n=15�

Objective
�n=6�

�xy /Ptrap 1.20±0.03 1.11±0.03
�z /Ptrap 0.52±0.02 0.37±0.01
�xy /�z 2.31±0.10 3.00±0.06

aValues measured on the MOT are compared to values measured
on conventional OT formed through a high-NA microscope objec-
tive. Errors indicate the standard deviation on n individual measure-
ments.
glass and epoxy layers and the trapping depth, as
well as on the accurate cross-sectional profile of mi-
cromirrors, which is still to be investigated in detail.

In conclusion, we successfully measured the 3D
trap stiffness of micromirror optical tweezers using
back-focal-plane interferometry. It is shown that mi-
cromirrors can generate trap stiffnesses that are
even superior to those achieved with a microscope ob-
jective, especially in the axial direction. In principle,
micromirrors may be also used for simultaneously
collecting backscattered light for position tracking,
leaving behind the need for a condenser objective.
Miniaturized systems enabling fluctuation measure-
ments from multiple micromirrors may be achieved
in this manner.
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