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Abstract. We describe the development of a novel force probe, controlled
by multiple optical traps, with a nanometer-scale tip that protrudes outside the
direct laser radiation field. We have measured forces to an accuracy of 240 fN,
which enables future experiments that probe photo-sensitive components (such
as biological cells) and non-transparent objects. The probes were produced using
two methods, electron beam lithography and two-photon polymerization, with
the latter providing approximately twice as much trapping stiffness.
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1. Introduction

A major requirement in the investigation of the complex and dynamic processes that occur
within living cells is the control and measurement of extremely small forces, <1 pN (10−12 N).
Several competing force measurement techniques exist, including atomic force microscopy,
magnetic trapping and optical trapping [1]. Optical trapping has the unique capability to
fulfill the need for manipulating single-molecule particles within biological environments to
nanometer accuracy [2] and with femto-Newton (fN) force sensitivity [3].

Established optical trapping techniques have used micrometer-scale polystyrene spheres
that were attached chemically to proteins in order to characterize the folding of ribonucleic
acid (RNA) [4] and measure the chemical-to-mechanical energy conversion processes of
motor proteins (e.g. kinesin and myosin) [5]–[7]. Smaller optically trapped force probes have
been developed, such as gold nano-rods [8] and single-walled nano-tubes [9], and these can
potentially measure fN forces (10−15 N) when applied in the axial direction. However, all these
techniques suffer from a common problem—the exposure of the sample to the intense trapping
light, which may lead to optical damage [10]. Additionally, for optically trapped probes smaller
than 100 nm, difficulties arise in the control of their position and in their observation using
microscopes and visible light sources [1].

With the aim of overcoming these limitations in fN force measurement, we have developed
a force probe with a nanometer-scale tip connected to a microstructure that is easy to manipulate,
held firmly in the microscope specimen plane and imaged using bright-field microscopy. Our
design permits force measurement with improved spatial resolution beyond the influence of the
trapping laser fields. Previous studies have produced complex, optically trapped probes by a
variety of techniques including the manual assembly of coated silicon spheres connected to
cadmium-sulfide rods [11]. Here, we describe two automated production methods, electron
beam lithography (EBL) and two-photon polymerization (2PP), capable of producing large
quantities of probes with nanometer-scale tips in a reliable fashion. The 2PP process has been
successfully applied in the past to produce structures suitable for optical trapping [12, 13].
The EBL process that we employed could only produce structures with sharp edges (such
as cylinders), which has known implications for the trapping stability, as identified in earlier
studies [14, 15].
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Figure 1. The probe design showing a triangular arrangement of the trapping
points (numbered from 1 to 3) and a protruding tip. Typical cylinder dimensions
are shown in top right.

2. Method

2.1. Probe production

The probe design [16] was based on a triangle that was optically trapped at each of its three
corners, with a distinct force sensing arm equipped with a nanometer-scale tip that protruded
from one of the corners, as shown in figure 1. The first fabrication of the probes used EBL to
demonstrate the principle of creating this structure with a nanometer-scale gold tip. The probes
were constructed using an electron-beam lithographic system (VB6-HR working at 100 keV)
that had a writing resolution of 20 nm on a resist layer of SU8. The probe tips, made from gold
and 50 nm wide by 1 µm long, were deposited onto the surface of the silicon wafer using a
high-resolution mask that was written using EBL and a two-layer lift-off method (one layer of
methyl methacrylate, 0.7 µm thick, followed by a second layer of poly(methyl methacrylate)
of 0.3 µm thickness, supplied by MicroChem Corporation, NANO 950 PMMA A4). A layer
of SU8 epoxy resin was spun on top of the silicon wafer and was selectively exposed using
EBL to produce thousands of repeatable structures, as shown in figure 2(a) and in close-up
in figure 2(b). A sacrificial layer of chrome, which was deposited at the start of the process
between the silicon wafer and the SU8 layers, was removed using a 15 µl droplet of chrome
etchant. The etching process released the probes into the droplet, which was further diluted
using two 20 : 1 water dilutions. Due to the planar nature of the EBL technique (i.e. top-down),
the triangular probes were produced with one cylindrical structure positioned at each of the three
trapping points. A range of EBL probes were produced with cylinder dimensions of between
2 and 4 µm to investigate the effect of optical traps on cylindrical shapes, following on from
previous modeling studies [13].

An alternative method using 2PP was investigated in order to produce probes with spherical
trapping points. The 2PP technique produced probes with spherical nodes that were 4 µm
in diameter and arranged in a triangular formation, and one tapered tip that was 5 µm long
and had a minimum width of 200 nm. In contrast to the EBL process, the 2PP probes were
produced as free-standing structures with two thin supporting feet to ensure the lowest possible
contact area between the probe and the surface of the conventional glass cover slip onto
which it was produced. Automated production of the probes was performed directly from
computer-aided designs in the stereolithography format (STL), as shown in figure 3(a). The two-
photon polymerization process used a material consisting of 20 : 80 zirconium–silicon sol–gel,
containing 0.5% of 4,4′-bis(diethylaminobenzophenone) as a photo-initiator. This material is
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Figure 2. (a) Scanning electron micrograph (SEM) image of an array of probes
produced using EBL. (b) SEM image of an EBL probe with its gold tip (50 nm
wide by 1 µm long) held at a distance of 2 µm from the trapped structure, and
distinctive cylindrical trapping points (3 µm wide by 3 µm high).

Figure 3. Free-standing probe fabricated by the 2PP technique: (a) original
computer-aided design; (b, c) SEM images of representative structures. The
tapered probe tip had a width of 200 nm.

characterized by a superior 2PP process and low shrinkage. Samples were prepared by drop
casting the solution onto the glass coverslips, and prebaking them at 100 ◦C for 1 h, to form
a hard gel. The structures were fabricated pointing upwards (i.e. out of the coverslip), with
a slicing distance of 200 nm between the layers and a hatching distance of 200 nm within
each layer. Examples of the probes are shown in figures 3(b) and (c). The scanning speed
was set to 100 µm s−1, while the average laser power, measured before focusing lens, was
set to 45 mW for the structures shown in figures 3(b) and (c). The 2PP apparatus included a
microscope fitted with a 100 × objective lens (Zeiss, Plan Apochromat, numerical aperture of
1.4) to focus radiation of a pulsed laser (titanium–sapphire source, operated at 120 fs pulse
duration, 90 MHz repetition rate and wavelength of 780 nm) into the volume of the sol–gel
material. To remove the unpolymerized material, the structures were developed in 1-propanol.
The extensive description of the experimental setup and the applied materials can be found
elsewhere [17]. The probe structures were physically separated from the coverslip by placing
the assembly in an ultrasonic bath. The 2PP probes were dried flat onto coverslips and later
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Figure 4. Optical trapping apparatus schematic, showing the trapping laser beam
steering and shaping using mirrors (M1–M4), lenses (L1–L3) and acousto-optic
deflector (AOD; Isle Optics TS100-XY), coupling into a microscope (shown as
dotted line) via a tube lens (TL) and objective lens (OL) into the sample. Position
measurement of the optically trapped probe was achieved using an APS and the
microscope’s field of view was viewed separately using a CCD. The microscope
lamp (100 W) was used to illuminate the sample. The dichroic mirror (DM) was
used to reflect laser light to the sample and transmit visible light (shown as
arrows) to APS and CCD with KG filters fitted to block laser light. Imaging was
adjusted by using the condenser lens (CL) and diaphragms immediately above
and below. A combination of a user computer (PC) and dedicated electronics
(known as a field programmable gate array, FPGA) provides the control signals
(shown as dotted arrows) to the AOD drive system (RF amplifier and signal
generator) and to the APS.

released from the coverslip by creating an acoustic shock wave in the vicinity of the probe
through the plasma breakdown of water induced by focusing a pulsed laser beam (with duration
of <1 ns, wavelength of 1064 nm and 10 µJ of energy) through the microscope objective. This
released the probe, without damage, into the solution for capture and manipulation by the
optical traps.

2.2. Optical trapping apparatus

Each probe was trapped using three gradient optical traps [2] created by the rapid repositioning
of a single laser beam at a rate of 40 kHz [18]. Up to three additional optical traps could be
produced using the same laser beam for target manipulation. Our optical trapping apparatus
(shown in figure 4) included an inverted microscope (Olympus IX70) with a 60 × water
immersion objective lens (with numerical aperture of 1.2), a fiber laser light source with a
wavelength of 1090 nm and an acousto-optic deflector (AOD) to reposition the laser beam
(a full description is given in [19]). The instrumentation permitted two-dimensional control of
the optically trapped probe with coarse axial control provided by the microscope focus. The size
of the diffraction-limited focal spot of the trapping laser beam was calculated to be 450 nm [20].
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Figure 5. Manipulation of optically trapped probe produced using EBL with
movement in continuous steps (see movie 1, available from stacks.iop.org/NJP/
12/113056/mmedia).

The distance between the probe’s trapping field and its tip was greater than 3 µm. Previous
research had identified that at this distance there was no significant effect on nearby objects
(and hence force measurement) due to the trapping field in this particular direction [21].

The force applied to the probe tip is derived using Hooke’s law [1] and the correlated
position measurements of the probe microstructure using visible-light images taken with an
active pixel sensor (APS) [22, 23]. The three probe trapping points were imaged in individual
regions of interest (ROIs), subsets of the APS image [19] that were recorded at a rate of 15 kHz.
The position of each trapping point in the image plane was calculated using two center of
mass calculations [24]; no position measurements for the probe in the axial direction were
made. Three additional ROIs were used to measure the positions of the probe’s target for test
and force calibration purposes. Dedicated electronics operating at 100 MHz (known as a field
programmable gate array or FPGA) were used to control the APS and AOD.

3. Results

3.1. Characterization of optically trapped probes

Individual probes were released into a sample container with a glass coverslip base (no. 1
thickness, 0.14 µm) and subsequently located, trapped and manipulated as shown in figures 5
and 6 for the EBL and 2PP probes, respectively. The probe and its surroundings were observed
using a charge-coupled device (CCD) that viewed the microscope image plane. A range of EBL
probes were tested, where the diameter of its three cylindrical trapping points was varied from
2 to 4 µm and the height kept constant at 4 µm. Trapping of the EBL probes was problematic
and only the 4 µm size cylinders could be trapped in a stable and reliable fashion. Consequently,
all further tests were carried out using this probe size. In contrast, the 2PP probes with spherical
trapping points were trapped with relative ease.
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Figure 6. Manipulation of optically trapped probe produced using 2PP with
movement in discrete steps (see movie 2, available from stacks.iop.org/NJP/12/
113056/mmedia).

A likely explanation for the instability of the EBL probe is that it is due to its cylindrical
trapping points (especially the edges of the cylinders). This produced distinct optical effects, as
described in previous modeling work on the optical trapping of micron-sized cylinders using a
laser beam with a focal spot size of 0.5 µm [14], and it was reported that such cylinders prefer
to trap with the longest diagonal of the cylinders in parallel with the direction of propagation
for the trapping laser beam. The preferred trapping orientation was prevented by the physical
connection of the cylinders to the probe structure and resulted in an unbalanced set of trapping
forces across the EBL probe structure. However, EBL probes with 4 µm size cylinders could be
trapped (see figure 5) and this suggested that the destabilizing effects were sufficiently overcome
at this size.

Each probe required precise adjustments to the three optical traps and beam-focusing optics
to ensure that the probe was trapped parallel to the surface of the coverslip. These adjustments
were observed using the CCD camera to image the three probe trapping points and when the
trapping points were in a similar focus it was judged that the probe was parallel to the coverslip
surface. The laser repositioning caused unwanted perturbations in the position of the rigid probe
microstructure and this effect was found to be minimized by repositioning the laser beam at a
rate of > 40 kHz. The position of the probe within a ROI was calibrated by scanning the probe
in two directions in steps of 40 nm across the ROIs. The probe was positioned at a height of
40 µm above the coverslip surface to avoid interference from the surface; all further tests were
performed at this height. A linear range of position measurement was found for the EBL probe
to be ±0.44 µm from the center of the ROI in both directions, and ±0.40 µm from the centre
of the ROI for the 2PP probe. This difference was a result of the rounded appearance of the 2PP
probe.

In order to derive the force applied to the probe, it was necessary to find the constant of
proportionality that described the change in the probe’s position in response to the force (as
expressed by Hooke’s law). This constant is known as the ‘trap stiffness’ and was calculated

New Journal of Physics 12 (2010) 113056 (http://www.njp.org/)

http://stacks.iop.org/NJP/12/113056/mmedia
http://stacks.iop.org/NJP/12/113056/mmedia
http://www.njp.org/


8

Table 1. Trap stiffness measurements for the three cylindrical trapping points
of the probe produced using EBL, normalized by optical power at the sample
(153 mW).

Probe point 1 Probe point 2 Probe point 3

Trap stiffness, x-direction (pN µm−1 mW−1) 0.041 0.036 0.034
Trap stiffness, y-direction (pNµm−1 mW−1) 0.065 0.062 0.054

Table 2. Trap stiffness measurements for the three spherical trapping points
of the probe produced using two-photon polymerization, normalized by optical
power at the sample (126 mW).

Probe point 1 Probe point 2 Probe point 3

Trap stiffness, x-direction (pN µm−1 mW−1) 0.087 0.127 0.137
Trap stiffness, y-direction (pN µm−1 mW−1) 0.215 0.109 0.130

by using the equipartition method [25], which measured the probe’s position change due to
thermal effects (i.e. Brownian motion). Positional data were collected for 5 s at a rate of 15 kHz,
and the variance was calculated for each probe-trapping point as it moved in two directions.
Previous position measurements for a set of micrometer-sized spheres had shown ∼1.5 nm rms
accuracy [19]. The trap stiffness was found by dividing the position variance by the product
of the Boltzmann constant and the temperature in kelvin (290 K at room temperature). The
measurements for the EBL and 2PP probes are shown in tables 1 and 2, respectively.

The trap stiffness results for the spherical 2PP probe were 2–3 times greater than the results
for the cylindrical EBL probe because of the 2PP probe’s improved trapping stability provided
by its rounded features, whereas the additional effects induced by the EBL probe’s cylindrical
trapping points are a likely cause for its reduction in trap stiffness, as discussed earlier.

In comparison with the shape of the EBL probe, the 2PP probe had an asymmetric
distribution of material at its trapping points (see figure 6, with the 5 µm long tip connected
to trapping point 1 and the remnants of the probe feet at trapping points 2 and 3) and we
assume that this affected the distribution of the optical trapping forces and caused the variation
in results shown in table 2. The majority of the trap stiffness results for the probes were smaller
in comparison with the trap stiffness measurements made using the same instrumentation
for one optically trapped sphere (5.4 µm diameter polystyrene sphere; Interfacial Dynamics
Corporation product no. 1-5000, batch no. 1089,1), which were 0.182 pNµm−1 mW−1 for the
x-direction and 0.177 pN µm−1 mW−1 for the y-direction. This reduction is due to the method
of trapping the probes (using multiple optical traps produced from one time-shared laser beam)
leading to a reduction in optical power per trapping point.

Two further causes of trap stiffness variation for both types of probe were the limitations
in dynamic response of the optical traps and their positioning relative to the probe’s trapping
points at each corner of the triangular probe. The positioning of the optical traps was performed
manually by observing images of each trapped probe, as described earlier.

The bandwidth for probe force measurement was determined by calculating the power
spectrum for each dimension of probe movement [25]. From this spectrum, a cut-off frequency
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Figure 7. Power spectrum based on the positional data (y-direction, 5 s duration)
of one trapping point on a probe produced using 2PP, showing the bandwidth of
probe force measurement (30 Hz).

was found above which probe movements are attenuated. This behavior is typical of an optically
trapped object and was confirmed for both types of probe, with the 2PP probe giving a force
measurement bandwidth of 30 Hz, as demonstrated in the example power spectrum for one
trapping point of a 2PP probe shown in figure 7.

The power spectrum measurement was used to confirm the trap stiffness measurement
based on the equipartition method for the 2PP probe. The hydrodynamic drag coefficient (β)
was calculated to be 1.01 × 10−7, found by dividing the trap stiffness of the trapping point
(1.9 × 10−5 N m−1) by the cut-off frequency expressed as an angular frequency [25]. This value
was in agreement with a value for β calculated by modeling the 2PP probe (β = 1.12 × 10−7)
as the sum of three spheres of 4 µm diameter, where the motion of each sphere was described
using Stoke’s law [25].

3.2. Force measurement

We performed a force measurement experiment with a prototype EBL probe by applying a
known force from a single optically trapped micro-sphere directly to the probe tip, as shown
in figure 8. In this experiment, we used the optically trapped sphere purely for the purposes
of calibration. The probe had a 200 nm wide tip made from SU8 and the microsphere had a
diameter of 5.4 µm (the type of sphere was identical to that described in section 3.1). The
probe and sphere were trapped simultaneously using four optical traps in total, with three traps
used for the probe and one trap used for the sphere. The two objects were calibrated and trap
stiffnesses were measured using the procedures described in section 3.1; the trap stiffness values
in the direction of interest (the y-direction) were found to be 15.9 pN µm−1 for the probe and
5.5 pN µm−1 for the sphere.

To apply a force to the probe tip, the sphere was moved in the negative y-direction (see
figure 8) towards the probe in steps of 40 nm over a total distance of 1.2 µm. The sphere traveled
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Figure 8. Experiment to apply a known force to the tip of an optically trapped
EBL probe using an optically trapped sphere (top) in the y-direction as shown,
with ROI locations shown by dotted white boxes where images of the probe
corners and sphere were taken.

a distance of 500 nm before making contact with the probe tip and displaced each of the three
probe trapping points, as shown at time = 4 s in figure 9(a). The maximum displacement of
the probe was 134 nm, which corresponded to a displacement force of 2.13 pN using Hooke’s
law (this occurred at time = 8.25 s, with the displacement value relative to the displacement
at time = 0 s). At the same time as contact was made, an unwanted displacement (average of
25 nm) was observed in the x-direction in probe trapping points 2 and 3, as shown in figure 9(b).

The force measured by the probe was compared to the restoring force exerted by the probe
on the sphere. This force was calculated from the change in sphere displacement when contact
was made with the probe and when the sphere was moved under control conditions without the
presence of the optically trapped probe (see figure 10). The change in sphere displacement was
450 nm (occurring at time = 8.25 s), equal to a restoring force of 2.47 pN using Hooke’s law.

The two force measurement values were different by 340 fN (13%) and this was linked to
the displacement of two of the probe trapping points by 25 nm in the x-direction, corresponding
to a force of ∼400 fN. This shows that the direction in which force was applied by the
sphere was not exactly perpendicular to the tip. It must be noted that the difference in force
measurement is close to the minimum force that can be detected by the probe (240 fN rms),
which is defined by the fluctuations in the probe position, measured from figure 9(a) to be
15.2 nm rms in the y-direction. The sphere’s position fluctuations were measured to be 23.8 nm
rms and this added the equivalent of 130 fN rms error to the restoring force measurement.

The fluctuations in sphere and probe positions were caused by thermally generated
collisions with other particles in solution (Brownian motion). Control tests were carried out
to determine the effect of moving the sphere and probe separately close to the trapping fields
with no significant unwanted effects observed. The effect of moving the probe’s tip into an
optical field without a trapped sphere was also investigated and no significant perturbation to
the probe was observed.
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Figure 9. (a) Displacement of the three probe trapping points in the y-direction
as the sphere applies force to the probe tip in the y-direction, making contact
after 4 s. The plots are offset for clarity with probe trapping point 1 shown as the
top trace, point 2 shown as the middle trace and point 3 shown as the bottom.
(b) Displacements of probe trapping points in the x-direction under the same
conditions.

Figure 10. Movement of the optically trapped sphere when the probe and its
trapping field are present (dark gray line) and not present (light gray line); note
that the sphere appears to make contact with the probe tip after moving 500 nm
(time = 4 s). Data points are averaged from 200 points of the original data set
(250k points total sampled at 14.7 kHz).

The force measurement provided an independent confirmation of the trap stiffness
measurement made earlier using the equipartition equation, which showed that the probe had a
combined trap stiffness that was three times greater than the sphere’s trap stiffness. This was a
direct consequence of using a greater number of optical traps to trap the probe (three in total)
compared to the sphere’s one trap. The use of the equipartition equation was advantageous
because it could calculate the probe’s trap stiffness regardless of its physical complexity.
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4. Conclusions

In conclusion, we have successfully developed an optically trapped probe that can measure
forces via a protruding nanometer-sized tip. The probe’s size and flexibility in rotation and
translation offer the unique experimental capability of measuring forces on the transverse
plane, which are distinct from uni-directional force measurement technologies such as atomic
force microscopy [1]. Force measurements at the end of the tip along the probe’s central axis
were not significantly affected by the probe’s trapping field, representing an improvement
on force measurement using optically trapped spheres which cannot avoid the influence
of the trapping field. The probe holds great promise as a platform to deliver a variety of
molecular samples to biological systems (such as cells) and measure the interactions that occur.
The ability to functionalize the probe with chemical samples is an important next step in
experimental usage.

The change in probe manufacture that we have reported from EBL to 2PP has yielded
probes with rounded features that have been trapped with greater ease and greater trap stiffness.
The flexibility and precision of the 2PP process make it possible to produce probes with tip sizes
as small as 30 nm [26] and of increasing complexity, permitting many variations of the probe to
be produced. Optimization of the 2PP-produced probe is required in order to achieve symmetric
distribution of the optical trapping forces.

A proposal for uni-directional force measurement using an optically trapped nano-tube has
been made [9], believed to be accurate to 8 fN on a sub-millisecond time scale. In contrast,
our probe demonstrated force measurement on a similar time scale to an accuracy of 240 fN
over two directions. Moreover, our optically trapped probe has the unique advantage that it
does not expose the sample directly to hazardous trapping light. The accuracy in our force
measurement is limited by unwanted disturbance in the probe’s position caused by Brownian
motion. This disturbance can be reduced through the use of a feedback control system to readjust
the positions of the optical traps based on probe displacement data [7, 27], which would utilize
our FPGA electronics, APS and laser repositioning instrumentation. The implementation of
this control system should improve the force measurement accuracy by at least an order of
magnitude. Finally, the probe’s performance can be further improved through optimization
of the probe design, to reduce the trap stiffness variation between the three corners of
the probe.
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