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Developing an Optical Microlever for Stable and Unsupported Force
Amplification

Philippa-Kate Andrew1, Allan Raudsepp2, Volker Nock3,5, Daniel Fan4, Martin A. K. Williams2,5,
Urs Staufer4, and Ebubekir Avci 1,5

Abstract— Optical micromachines have the potential to im-
prove the capabilities of optical tweezers by amplifying forces
and allowing for indirect handling and probing of specimens.
However, systematic design and testing of micromachine per-
formance is still an emerging field. In this work we have
designed and tested an unsupported microlever, suitable for
general-purpose optical tweezer studies, that demonstrates
stable trapping performance and repeatable doubling of applied
forces. Stable trapping was ensured by analysing images to
monitor focus shift when levers oscillated repeatedly, before
the best-performing design was selected for force amplification.
This study also shows that direct measurement of trap stiffness
using the equipartition theorem appears to be a valid method
for measuring applied forces on the spherical handles of
microlevers.

I. INTRODUCTION

Optical tweezers have proven to be a useful technology for
investigating the effects of minuscule forces on biological
specimens [1]. Investigating mechanical changes in cancer
cells [2], examining enzyme activity [3], and stretching
single molecules [4] are just a few of the studies that
have been enabled by optical tweezers. However, there are
two major drawbacks to optical tweezers: the potential for
damage to biological samples, due to the intensely focused
laser used to create the traps; and the low limit to forces
that can be applied (tens of femto-Newtons to hundreds of
pico-Newtons) [5].

There are several strategies that have been proposed to re-
duce damage caused by optical tweezers. These traditionally
include the introduction of scavenging species to deal with
free radicals generated during trapping [6], careful selection
of the laser wavelength to limit absorption [7], [8], and
limiting the laser power to reduce overall exposure. Indirect
manipulation has also been utilised, which has the added
bonus of allowing researchers to examine specimens that
cannot be trapped with traditional Gaussian beams. Such
specimens include DNA, which is below the diffraction limit
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Fig. 1. Using microlevers to distance optical traps from the sample
being studied, as well as amplifying the forces applied could have useful
applications in biology and biophysics. Our experiment uses a two-trap set-
up to test and quantify optical force amplification (a), with the hope that
such levers could become useful tools in areas such as molecule stretching
(b) and cell studies (c).

[4], large, flat objects that scatter the beam [9] and complex
biological cells with varied refractive indices [10].

The past 20 years have brought advances in micro-
manufacturing for optical micromachines; particularly the
use of two-photon absorption polymerisation (TPAP) to
facilitate laser-based, nanoscale 3D printing [11]. This has
allowed the tools for indirect manipulation of biological
specimens to advance beyond microbeads to more complex
shapes [12] and even multi-body micromachines [13]. Using
micromachines as end-effectors for optical tweezer studies
also introduces the opportunity to tackle the problem of
limited forces, as well as the damage associated with trap
proximity [14], through giving optical traps the mechanical
advantage [15], [16]. In Fig. 1 we have illustrated our
method to test force amplification of unsupported levers
using two optical traps of different strengths, as well as
some applications where distancing the optical traps, and
potentially amplifying force, would be useful.

While the multiplication of optical force has been demon-
strated, and optical micromachines have been used to per-
form a few tasks, systematic analysis of optical microrobots
is still in its infancy. Analytical models of optical trapping
forces are known to be relatively simple when the trapped
particles fit in the dipole [17] or ray optics regimes [18].
Even so, these models require exact knowledge of the optical
trapping set up, which may not be available to every user,
and the majority of strongly-trapped (and therefore useful)
objects are of intermediate size, similar to the trapping
wavelength. Likewise, forces on spheres which fall within
the intermediate size range can be calculated using Mie
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theory, but producing a quantitative result is non-trivial, and
complexity increases for non-spherical objects [19].

One popular way to calculate forces on non-spherical
objects is to define a transformation matrix (T-matrix) that
describes how an object scatters the incoming electromag-
netic wave. This allows for the calculation of forces by com-
paring incoming and scattered waves [20], and computational
toolboxes have been developed for this method [21]. How-
ever, for scientists undertaking inter-disciplinary research, a
more practical method is to accept a Hookean spring model
of optical tweezers. This allows the researcher to simply
take calibration measurements of trap stiffness and forces
based on restricted thermal diffusion of trapped particles [22]
or of forces generated in competition with known Stokes
drag forces through monitoring particle velocity [23]. This
gives good results for spherical objects, and can be used to
determine the relationship between laser power and optical
tweezers force. Comparison of the stiffness measurement
and drag force methods also show that they are in good
agreement with each other, leaving the choice of method
up to the researcher [23].

In previous works involving micromachines, calibration
on spherical particles has been used to find a relationship
between optical force and supplied laser power. It has then
been assumed that this relationship between power and force
is exactly maintained when a spherical handle on a lever,
rather than a single particle, is trapped [15], [24], [25].
Some studies, such as one involving 3D printed optical
gears, do not attempt to quantify the forces used at all, and
instead use successful movement of the machine as proof-
of-principle that amplification of optical forces can occur
in this way [26]. Several lever-based studies have used a
spring, fabricated through TPAP to measure the resulting
forces after amplification [15], [16]. While this is an excellent
way to demonstrate both the amplification of force and
the capabilities of TPAP, it means that only amplification
of high powered optical tweezers can be demonstrated, as
lower power optical tweezers lack the stiffness required
to compress the polymer. Such springs also act to restrict
the motion of the lever, ensuring motion remains in the
plane of force application, but restricts direct application of
such tools. Removing the spring to create a general-purpose
lever means that stable optical trapping of the tool becomes
crucial.

In this article we cover the design and characterisation
of levers to be used for force amplification, using the
Nanoscribe Photonic Professional GT2 (PPGT2) (Nanoscribe
GmbH, Karlsruhe, Germany) and the IP-L 780 photoresin,
also from Nanoscribe. These levers were used to demonstrate
force amplification using two optical traps: an adjustable
holographic optical tweezers (HOT) trap, controlled using the
Red Tweezers software from Bowman et al. [27] and a fixed
trap, capable of applying much higher forces. In contrast to
earlier studies, our levers are completely unsupported, and
the pivot point is created by mechanical contact between the
central pin and the lever arm, rather than the lever being
held in place by a spring. In addition, we have compared

Fig. 2. The basic design for levers in this work featured an "effort arm"
twice as long as the shorter "output arm". The longer side also featured two
spherical handles, to be used for optical trapping, to allow for comparison
between force applied with an equal lever arm ratio and a force applied
using the 2:1 arm ratio. The lateral and vertical gaps, shown in dark blue
and magenta respectively, are important for the functionality of the lever, as
inadequate separation between parts leads to a greater likelihood of adhesion
between parts.

the trapping stability offered by differently shaped "handles"
on the levers, as well as the impact of reducing separation
between components, by analysing changes in image qual-
ity over cycles of lever oscillation. This work shows the
capability of well-designed optical micro-levers to amplify
even low forces, in contrast with previous studies, which
used extremely high-powered optical tweezers to actuate
micromachines. As TPAP is an extremely versatile technique,
which can be used to create complex geometries, a general
purpose lever such as this can be easily adapted for different
biological studies. An example of such an adaptation can be
found in our previous work [13], where a pocket was printed
at one end of the lever, for the attachment of a functionalised
microbead.

II. LEVER DESIGN

The lever is a classic machine for amplifying mechanical
forces, and examples can be found everywhere in engineering
and in nature. To amplify forces, there needs to be a greater
distance between effort and pivot compared to that between
the pivot and the output force. Therefore, the first step of this
work was to design a basic lever that rotates around a central
pin, with one side of the arm twice as long as the other. This
should allow for a doubling of the input force, assuming no
losses, and a drawing of the basic lever is shown in Fig. 2,
where dimensions are shown in micrometres.

While this is an extremely simple concept, the prevalence
of surface forces contributing to adhesion at the microscale
means that even ensuring the lever will rotate is a relatively
difficult task. Attractive forces on the microscale are associ-
ated with small separation distance and large overlapping
area between objects, so introducing large gaps between
parts, and minimising the overlapping area both seem like
appropriate first steps when creating functional microma-
chines [28], [29]. However, in this case, the goal is to
demonstrate effective multiplication of force, which requires
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some contact between the pin and the lever arm. Therefore,
the tolerance around the pin joint, which is required to ensure
the clean printing of two parts, and to increase the likelihood
of turning, poses a challenge to force multiplication. In short,
the joint needs to have enough tolerance to print correctly,
enough contact to multiply force, and low enough friction so
that it does not prevent the lever from turning. In previous
studies [15], [25] the problem of pin-joint tolerance and
internal friction was dealt with by introducing a spring,
which held the lever at an appropriate pivot point and showed
force amplification through its compression and extension. In
our work, joint tolerance has been improved by limiting the
gap around the centre pin to 1.0 µm, which was the smallest
lateral gap that led to 100% of the levers in a printed batch
being able to rotate in milliQ water.

The choice to use a small lateral gap contrasts with our
earlier work [29], where a gap of 1.6 µm was used, in order
to increase the chances of rotation in high ionic strength
environments. However, in that work the primary motivator
for such a large gap was to decrease the overlapping area
between the pin and the lever arm. A short test using a
very large centre pin and levers with four different lateral
gap sizes was used to validate that the previous success of
designs with large lateral gaps was likely due to reduction in
overlapping area rather than the increase in part separation,
as shown in Fig. 3. Decreasing the diameter of the centre
pin to 4.0 µm from the 6.0 µm diameter used for this test
was then sufficient to improve rotation success to 100%.
While the parameters used for this study were sufficient to
produce 100% successful levers in each test batch of 10
levers, fabrication windows for the PPGT2 may change over
time, requiring dose-testing and adjustment.

The levers have a very high aspect ratio (a
length:width/thickness value of 25 for the lever arm)
meaning that stable optical trapping is a challenge, due
to the tendency of optically trapped objects to align their
longest dimension with the axis of the trap. This is partially
addressed by leaving the centre pin of the lever fixed to
the substrate, rather than entirely detaching it. However,
some movement of the lever out of the trap centre will
still be seen, and it is our wish to reduce this as much as
possible. One method is to change the size and shape of the
printed handles, using the intuitive understanding that flatter
surfaces lead to more scattering interactions with the trap,
which decreases the apparent strength of the gradient force.
By making the handles larger, the difference in geometry
between the spheres and the rest of the lever arm becomes
more pronounced, which is also true if we elongate the
handles, making them spheroids rather than spheres by
design. Therefore, in this work we have produced levers
with 2 µm and 3 µm diameter spherical handles, as well as
levers with elongated spheroidal handles, which have a long
axis of 3 µm, and a short axis of 2 µm. These different
lever handles are shown in Fig. 4.

Additionally, a reduction in the vertical gap between the
centre pin and the lever arm was explored. Similar to the
lateral gap size, the decision was made to produce some

Fig. 3. A short test using a series of levers with outsize centre pins
(concept shown in a) showed a decrease in success rate with increasing
area (b), despite the levers with larger area also having larger lateral gaps.
Gap size was incremented by 0.2 µm, from 1.0 to 1.6 µm. Overlapping
area was calculated per the shaded area shown in (b, inset), based on the
projected vertical area of the lever arm on the pin, when in a perfectly
centred position.

levers with a vertical gap size of 1.4 µm, compared to the
larger gap of 1.8 µm, as this was found to be the smallest
vertical gap at which 100% rotating, 10-lever batches could
be produced. The varying features of the chosen lever designs
are explained in Table I. All levers had a vertical projected
area of 5.5 µm2 and a 200 nm thick ridge on the inside
radius of the lever arm, in order to reduce contact with the
centre pin.

TABLE I
VARIABLE FEATURES OF THE LEVERS USED IN THIS WORK.

Lever Name Vertical Gap (µm) Handle Shape Handle Diameter (µm)

1014 2H 1.4 Spherical 2.0
1014 3H 1.4 Spherical 3.0

1014 3OH 1.4 Elongated Spheroid 3.0/2.0
1018 2H 1.8 Spherical 2.0
1018 3H 1.8 Spherical 3.0

1018 3OH 1.8 Elongated Spheroid 3.0/2.0

A. OPTICAL TWEEZERS SET-UP

The experiments for quantifying out of plane movement
and amplifying force were both based around a Nikon
Eclipse TE2000-U inverted microscope, mounted to a vi-
bration isolation table. The microscope was equipped with
a 1064 nm, 2 W maximum power laser for creating holo-
graphic optical tweezers (Arryx, Chicago, USA) and a 1030
nm, 5 W maximum power laser for creating a single, fixed
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Fig. 4. (a) The levers used for this study had different handle shapes, which were referenced by 2H, 3H or 3OH in the naming convention used. (b) an
SEM image showing the successful printing of the ridge that was used to reduce contact between the centre axis and the inner radius of the lever arm.

trap in the centre of the imaging plane (Arryx, Chicago,
USA). These lasers were focused through a 60x, 1.2 NA
plan apo water immersion objective (Nikon) to create optical
tweezers.

The fixed optical trap provides much higher optical forces
than the holographic optical trap- approximately 6–10x
higher [13], [30]. The power of the fixed trap was attenuated
using a neutral density filter (OD 0.6), in order to measure
the force amplification by limiting the force to approximately
twice as high as that which can be achieved with the
HOT. Without attenuating the fixed trap, it would be too
stiff to measure force amplification at the 2:1 mechanical
advantage trialled here. The holograms for the HOT were
created using a Boulder Nonlinear Systems spatial light
modulator, and placed using the Red Tweezers software. A
piezo-motor stage (Physik Instrumente, Karlsruhe, Germany)
was used to position the sample relative to the 1030 nm
trap. Experiments were performed in bright field conditions,
and images were captured using a high speed sCMOS
camera (CC215MU, ThorLabs, USA). The microlevers were
rotated using a borosilicate microprobe mounted on stepper-
motor stages (TAMM40-10C and OSMS60-5ZF, Sigma-
Koki, Japan), prior to the experiments, to ensure the levers
were free-floating and able to rotate. A diagram of the set-up
is shown in Fig. 5.

III. EXPERIMENTATION AND RESULTS

A. QUANTIFYING OUT OF PLANE MOVEMENT

Confidence in the results from force-related experiments
performed using optical tweezers can be improved if the
motion used to apply the force is restricted to the x-y
plane, where it can be directly observed using a conventional
microscope. This is relatively simple when using microbeads
to apply force, as the focus of the optical tweezers can
be adjusted to coincide with the focus of the camera used
to image the experiment. In our system, despite the use
of two separate traps, the matching focus is created by
adjusting the height of the sample using a piezo stage, and
the height of the HOT, while the position of the 1030 nm trap

Fig. 5. The setup was equipped with two lasers for creating separate optical
traps. This forms two optical tweezers: one holographic and dynamic and
the other fixed. The fixed trap was attenuated using a neutral density filter.

is fixed. However, despite the careful adjustment of focus,
maintaining in-plane motion over the course of an experiment
is a challenge.

In order to quantify the out-of-plane movement of the
different lever types, the levers were oscillated using a
sin-wave applied via the piezo-stage (frequency = 0.2 Hz,
amplitude = 2.0 µm), while trapped by the HOT as shown
in Fig. 6. The experiment was imaged at 100 fps using
the ThorLabs CC215MU camera and it was assumed that a
change in Z-position of any part of the lever would result in
a change in focus, which could be detected using changes in
pixel intensity values. Obviously, a change in position of the
lever in-plane also results in a change in intensity values,
and so images in the sequence are compared with others
showing the same lever position. Two positions were chosen:
the stationary "flat" lever at the start of an oscillation, and
the "rotated" lever at the peak of the oscillation. The frames
were easily selected by tracking movement of the lever’s
centre pin, or pivot point, over the course of the experiment,
as shown in Fig. 7 and selecting frames at the peaks and the
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Fig. 6. The levers were oscillated in the Y-direction, for 10 cycles using the piezo stage, with the goal of monitoring out-of-plane movement over the
course of these oscillation.

troughs of the resulting wave.
Once frames were selected, evenly spaced rows of pixels

were compared with those in the other frames corresponding
to the same lever position. The Image Quality Method
described in [31] was used to quantify the focus shift between
frames, namely by calculating the Pearson correlation of
the vectors of Fourier power spectra corresponding to the
different images. It was assumed that the best focused frames
of the image sequences would be those at the start of the
oscillations, and so the correlation was calculated using (1),
where η is the length of the Fourier power spectrum vector,
X is the power spectrum vector of the first image and Y is
the power spectrum vector of the image being compared.

rk =
ηΣXY − ΣXΣY√

(ηΣX2 − (ΣX)2)(ηΣY 2 − (ΣY )2)
(1)

As the lever is oscillated in the Y-direction, a large amount
of pixel variation in this direction can be expected. Therefore,
the intensity was sampled using ten evenly spaced rows of
pixels, rather than the evenly spaced columns used in the
cited paper. The mean focus shift over the course of the
levers’ oscillations for different supplied trapping powers is
presented in Fig. 8, where lever design 1014 3OH, which had
spheroidal handles and a 1.4 µm vertical gap, was shown to
perform most poorly. Interestingly, lever design 1018 3OH
performed well, perhaps indicating that interaction between
the vertical pin and lever arm, rather than the trapping handle
shape, caused the issue. Most of the levers showed more out
of plane movement when rotated at lower laser powers, as
levers are more likely to move out of a weak trap.

B. AMPLIFYING FORCE
The levers selected for the force amplification task were

from the 1018 2H and 1018 3H design groups, as these

had the lowest average focus shift at 2 W trapping power.
The trap stiffness of the HOT acting on the lever handles
was calculated using the equipartition theorem, (2), where
< Y 2 > is the position variance of a trapped sphere in
the Y direction, kB is the Boltzmann constant and T is
the temperature in K. The resulting relationship between
supplied laser power and the trap stiffness can be seen
for the two handle sizes in Fig. 9, where the stiffness
measurements for a trapped polystyrene bead (diameter = 2
µm) are also shown. The fair agreement between the values
for the microbeads and those for 1018 2H adds confidence
to the use of this method for measuring forces on the levers.
The slightly lower maximum for 1018 2H can possibly be
attributed to the IP-L 780 resin having a lower refractive
index than polystyrene [32].

ky =
kBT

< Y 2 >
(2)

The trap stiffness on the handles for 1018 2H was almost
twice as high as that on 1018 3H at 2 W. This indicates
that the size of trapping handles on micromachines should
be carefully chosen according to the optical trap being used,
as well as what can be repeatably manufactured. As the HOT
is much weaker than the fixed trap, the highest trap stiffness
was desirable for this experiment. Therefore, the decision
was made to only attempt force amplification with levers
from the 1018 2H group. Stiffness of the fixed trap on the
1018 2H lever handles was measured using the same method,
and the results are shown in Fig. 10.

The lever was positioned with the "sensor" handle in the
1030 nm fixed optical trap, and the HOT was used to move
the lever, opposing the fixed trap. By using the intermediate
handle, a 1:1 proportional factor was created and no force
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Fig. 7. Tracking the movement of the lever over the course of the experiment provided an easy method for selecting frames to compare to each other.
In this case 100 frames were selected from the peaks and the troughs of the pivot’s movement, respectively. This plot also shows the inconsistent phase
shift between the free end of the lever and the oscillating pivot, which is attributed to the tolerance of the pin joint.

Fig. 8. Strips across the image were used to quantify a change in focus as the levers were moved back and forth to test trap stability. Correlation of
the Fourier power spectra of these strips was calculated for the "flat" (a) and "rotated" (b) cases, which corresponded with the beginning and peak of
oscillations respectively.

amplification occurred, resulting in small fluctuations from
the fixed trap. When the end handle was used, a 2:1 pro-
portional factor was created, and increased movement was
observed. It was expected that the force provided by the HOT
would be amplified by the same ratio as the proportional
factor, due to balancing of moments about the central pivot.
Force amplification was attempted using 2 W power for the

HOT and the full range of powers used for the fixed trap
stiffness calculations. However, repeatable force transfer and
amplification could not be properly tested until the fixed trap
was supplied with ≥ 0.23 W. This is because at lower trap
powers the amplified force from the HOT was sufficient to
move the lever completely out of the fixed trap, meaning that
the amplification could not be quantified. Amplification was
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Fig. 9. The calculated trap stiffness for the 3 µm trap handles was much
lower than for the 2 µm handles at the same trapping powers, while the
values for the 2 µm handles were comparable to values for 2 µm polystyrene
beads.

Fig. 10. The calculated trap stiffness for the fixed high power trap was
much higher than for the HOT trap, as expected.

Fig. 11. Force amplification could be measured successfully at three
different laser powers, with results shown vertically offset in order to make
separate lines clearer.

attempted five times at each of the fixed trap powers, and
the force transferred by the lever was calculated using the
Hookean model of optical tweezers, given by (3), where k
is the trap stiffness and y is the fluctuation from the centre
of the trap.

Ftrap = −ky (3)

The amplified forces can be seen in Fig. 11, where force
transfer and amplification are shown with 0.23 W supplied
to the sensing trap, as well as the amplified forces sensed
with higher powers, which have been vertically offset for
clearer viewing. The force transferred when the 1:1 lever
arm ratio was used was approximately 10 pN; in line with
what we expect to be the maximum that can be applied
with the HOT trap at 2 W power. The amplified forces were
consistently measured to be close to 20 pN, with the mean
values and uncertainties shown in Table II. The restricted
diffusion of the trapped handle, calculated using the mean-
square displacement, can be used to estimate the lowest
force that can be measured by this set-up. Based on this,
the estimated lowest force is of the order of a few femto-
Newtons, far below the range we are interested in for this
study. At such low forces, Brownian motion could become
noticeable in the measurements, in which case time averaging
and multiple repetitions of an experiment would go some
way to reducing such effects. It is likely that error from other
sources, such as drift, would become problematic before
Brownian motion. The fact that the amplified force was
consistently slightly lower than 2x the transferred force could
point to losses in the force transfer. Therefore, characterising
drag and internal friction on levers in force amplification
studies could be an interesting avenue for future work. As
shown in Fig. 7, the tolerance of the lever leads to an
inconsistent phase shift- varying between 0.2 and 0.6 rad-
between the movement of the pivot point and the free end
of the lever, whereas a rigid lever would be in phase with
this movement. This complicates the characterisation of drag
and internal friction for such pin-jointed levers, but as this
work demonstrates, such levers can still be used effectively
for force amplification.

TABLE II
MEAN TRANSFERRED AND APPLIED FORCES

Trap
Power (W)

Measured
Transferred
Force (pN)

Uncertainty
(pN)

Measured
Amplified
Force (pN)

Uncertainty
(pN)

0.23 10.37 0.98 16.65 2.75
0.25 10.45 0.65 20.11 1.05
0.27 11.86 0.71 21.83 1.14

IV. CONCLUSIONS

Our aim in performing this study was to systematically
develop and test performance of an unsupported microlever
for amplifying forces; specifically creating a lever that can be
trapped stably to repeatably perform the task. We monitored
drift of the levers out of focus over the course of several
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oscillations, which identified spherical handles as superior
to elongated spheroids, particularly at high trapping powers.
While 3 µm diameter spherical handles performed well in
terms of maintaining focus stability, the low trap stiffness of
the HOT on these handles made the 2 µm diameter handles
more suitable for the task. The work we have performed
demonstrates the potential that optical micromachines have
for multiplying even small forces from optical tweezers,
as well as the importance of considered handle design.
Additionally, we demonstrated that using the equipartition
theorem to calculate trap stiffness on a lever handle appears
to give acceptable results, allowing researchers to directly
measure force amplification, rather than relying on cali-
bration performed with microbeads. Consistent doubling of
the applied force was observed and measured using three
different trapping powers, demonstrating the suitability of the
levers for this task. There is still work to be carried out in
characterising the forces on the levers: specifically the drag
on the levers, as well as internal friction in the pin joint,
as the force amplification results indicated losses that could
come from those areas.
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