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Abstract
We propose a non-holographic method to create line traps of arbitrary shape in the sample plane. Setting the phase gradient along
theses lines gives control over the transverse forces acting on the conﬁned particles. Phase structures, displayed on a spatial light modulator, are optically processed by a spiral phase ﬁlter and imaged onto the object plane of a microscope objective. The resulting bright
line structures can be used to trap microparticles. Additionally, they exert transverse scattering forces, which can be exploited for inducing orbital motions or for creating ‘‘attracting” or ‘‘repelling” points, respectively. We give theoretical and experimental evidence that
these scattering forces are proportional to the curvature of the line tweezers.
Ó 2007 Elsevier B.V. All rights reserved.
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1. Introduction
In the last decade, holographic or diﬀractive optical
tweezers [1] have greatly enhanced the possibilities of
manipulating microscopic particles with light. Diﬀractively
created patterns of light can be used to trap and manipulate dielectric particles by intensity gradients. The generalized phase contrast (GPC) method has been introduced as
an alternative to diﬀractive tweezers by Glückstad and
co-workers [2]. Basically the method is based upon projecting a phase-contrast-ﬁltered image of a computer-steered
phase modulator display into the object plane of a microscope. Phase structures, displayed at the SLM panel, are
directly transferred into intensity images by the phase-contrast ﬁlter. The technique oﬀers high intensity eﬃciency
and allows real-time steering, since moving of traps can
be directly achieved by moving the corresponding trap
*

Corresponding author.
E-mail address: Alexander.Jesacher@i-med.ac.at (A. Jesacher).

0030-4018/$ - see front matter Ó 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.optcom.2007.12.042

structures on the light modulator panel. However, to date
such a method cannot be used to shape the trapping beam
into certain interesting mode structures, such as Laguerre–
Gaussian beams, which in holographic setups can be used
to transfer controlled transverse momentum to the trapped
objects. A related method for micromanipulation, which
was recently proposed by Guo et al. [3], makes use of a
spiral phase ﬁlter [4], instead of a phase-contrast ﬁlter.
The ﬁlter operation performed by the spiral phase ﬁlter
represents a two-dimensional generalization of the Hilbert
transform [5] and creates ﬁeld amplitudes which are
roughly proportional to the phase and amplitude gradients
of the patterns displayed at the modulator panel [6]. Consequently, the edges of binary amplitude or phase structures appear strongly enhanced. However, probably the
most interesting property of a light ﬁeld created by spiral
phase ﬁltering is that it shows a speciﬁc phase proﬁle that
may give rise to transverse scattering forces on microparticles. Unlike forces caused by intensity gradients, scattering
forces are generally not conservative, which allows, for
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instance, the realization of orbital motion. An example for
light ﬁelds creating such motion are Laguerre–Gaussian
modes, which show a helical phase structure of the form
exp½ih, where h is the azimuthal coordinate. The optical
torque resulting from this helical phase acts as ‘‘optical
spanner” [7,8] and can induce a directed ﬂow of microparticles [9]. By modifying the helical phase proﬁle of
Laguerre–Gaussian modes, it is also possible to modify
their circular shape [10].
In this paper we present the experimental realization and
evaluation of spiral phase tweezers, as proposed by Guo
et al. [3], which – without using holographic methods –
combine advantages of the GPC method like the easy generation of arbitrary light structures and real-time steering
with the possibility of transferring optical torque. We also
demonstrate an interesting feature of this ﬁlter method,
which has not been described in Ref. [3], namely that the
transverse scattering forces are proportional to the curvature of the projected light patterns.

ces to the ﬁeld at this point. For simplicity, let us assume
that ~
P coincides with the origin of our coordinate system,
i.e., ~
P ¼~
0. Then, the vortex located at an adjacent point
~ ¼ ðrQ ; /Q Þ contributes to the ﬁeld in point ~
Q
0 with
Ein ðrQ ; /Q Þf ðrQ Þ exp½iðp þ /Q Þ, where Ein is the original
light ﬁeld (see Fig. 1). Note that here the geometric angle
/Q appears in the phase of the light ﬁeld.
Thus one can express the total output ﬁeld at point ~
0 as
follows:
Z 1 Z 2p
~
Eout ð0Þ /
Ein ðr; /Þf ðrÞ exp½i/r dr d/:
ð1Þ
0

0

In practice, the extension of f ðrÞ, i.e. the PSF, is usually
much smaller than typical variations in Ein . In this case it
is valid to expand the input light ﬁeld in a Taylor series
to ﬁrst order:
~ in ð~
Ein ð~
rÞ  Ein ð~
0Þ þ rE
rÞj~0 ~
r


0Þ þ ~
gA ð~
0Þ exp½iWin ð~
0Þ þ i~
gP ð~
0ÞEin ð~
0Þ ~
r;
¼ Ein ð~
ð2Þ

2. Properties of spiral phase ﬁltered light ﬁelds
To understand the eﬀects of the spiral phase ﬁlter, let us
consider the point spread function (PSF) of the system. The
PSF describes how a point source dð~
rÞ is imaged by a given
system. In ‘‘ﬁlter-less” imaging systems like telescopes, the
PSF usually corresponds to the Airy function. Analogously, the point spread function of a spiral phase imaging
system is represented by a diﬀraction limited optical vortex,
which shows the same helical phase proﬁle as the spiral ﬁlter. Its radial amplitude proﬁle f ðrÞ can be described using
Bessel and Struve functions [6,11].
When an extended object is imaged by a spiral phase
imaging system, every single point of this object appears
as a tiny optical vortex in the image plane (see Fig. 1).
The interference of all vortices yields the complete spiralﬁltered image. To achieve the resulting ﬁeld at a certain
point ~
P , one has to integrate the contributions of all vorti-

and to restrict the r-integration to a limited interval ½0; q,
where q deﬁnes the approximate radius of the PSF. In
~ in j and ~
~ in represent
the above equation, ~
gA ¼ rjE
gP ¼ rW
the amplitude and phase gradients of the complex
ﬁeld Ein ¼ jEin j exp½iWin . Inserting Eq. (2) into Eq. (1)
yields
Z q Z 2p
Eout ð~
0Þ / Ein ð~
0Þ
exp½i/f ðrÞr dr d/
0

0

0Þ
þ exp½iWin ð~
þ iEin ð~
0Þ

Z

q
0

Z

Z

q
0
2p

Z

2p

~
0Þ ~
r exp½i/f ðrÞr dr d/
gA ð~

0

~
0Þ ~
r exp ½i/f ðrÞr dr d/:
gP ð~

0

ð3Þ
Because of the integration over exp½i/, the ﬁrst term is
zero. Evaluating the other two terms results in:

Fig. 1. Left: Every single point of the input light ﬁeld (star) is imaged as diﬀraction limited optical vortex. Right: Sketch to visualize the contribution of an
~ to the ﬁeld at point ~
optical vortex located at Q
P.
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phase gradient. Consequently, straight edges will show a
constant phase value, while a curve – where dP varies along
its edge – will show a transverse phase gradient the amplitude of which is proportional to the curve bending. This
property is also the basis of interferogram deconvolution
in so-called ‘‘spiral interferometry” [12,13]. Using spiral-ﬁltered light ﬁelds for micromanipulation, this means that
curved parts within such structures exert transverse scattering force to microparticles, while straight lines do not.

ð4Þ
where dA and dP are the geometric polar angles of the
amplitude and phase gradients. In the above equation,
the integrals
R q containing exp½i2/ yield again zero, and the
integral 0 f ðrÞr2 dr yields a constant value. The ﬁltered
light ﬁeld can ﬁnally be written as [6]
P Þ / exp½iWin ð~
P ÞgA ð~
P Þ exp½idA ð~
P Þ
Eout ð~
þ iEin ð~
P ÞgP ð~
P Þ exp½idP ð~
P Þ:

ð5Þ

This result is valid for an arbitrary point ~
P . It shows that
the ﬁltered light ﬁeld is intense at amplitude and phase
edges. In our experiments we restrict ourselves to phase
structures, which do not absorb light and thus allow higher
eﬃciency. Assuming Ein to be a pure phase function, Eq. 6
simpliﬁes to
P Þ / gP ð~
P Þ exp½iðWin ð~
P Þ þ dP ð~
P ÞÞ:
Eout ð~

ð6Þ

The ﬁltered light ﬁeld shows an interesting phase proﬁle: its
phase depends on dP , which is the geometric angle of the

3. Experimental setup
The probably simplest way of realizing spiral phase
tweezers is to utilize a computer steered spatial light modulator (SLM) for displaying the phase structures and a separate static vortex ﬁlter element in a Fourier plane (see
Fig. 2a), which for instance can be manufactured by
photo-lithography [14]. Since such a ﬁlter element designed
for a wavelength of 1064 nm (the wavelength of our trapping laser) was not available in our case, we decided to
use one single SLM to display both, the structures to be ﬁltered and the spiral phase ﬁlter. The two corresponding
phase functions are placed side by side at the SLM panel.
A sketch of the setup is shown in Fig. 2.
The structure pattern (pattern P S ) is fully illuminated by
an expanded Ytterbium ﬁber laser at k = 1064 nm. The diffracted light is subsequently focussed onto the spiral ﬁlter
function (pattern P F ). Consequently, the Fourier Transform of P S emerges at the ﬁlter function P F . A suﬃciently

spiral phase filter

P . . . phase vortex filter
F

collimated beam
@1064nm
100x
NA 1.3

filtered image of PS

PAL-SLM

dichroic
mirror
f2=750 mm

f3=400 mm
to camera

f1=2000 mm

PS . . . phase object (star)

Fig. 2. (a) Principle of optical processing with a spiral phase ﬁlter. (b) Sketch of the experimental setup. One SLM displays both, the phase structure to be
ﬁltered and the spiral phase ﬁlter. The patterns are arranged side by side at the SLM panel. The gray values of the patterns represent phase values from 0 to
2p. Phase edges within P S appear as bright lines in the spiral-ﬁltered image under the microscope.
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large focal length of the Fourier Transforming lens
ðf1 ¼ 2000 mmÞ prevents the display from being damaged
by too high laser intensity and leads to a strongly downsized image of P S in the microscope object plane. This is
desired, if one wants to exploit the torque of the ﬁltered
light ﬁeld. Finally the ﬁltered light is coupled into a microscope objective by a 2-lens telescope.
The utilized SLM is a HEO 1080 parallel aligned nematic device from Holoeye Photonics AG and shows a diﬀraction eﬃciency of approximately 40% at the wavelength of
1064 nm. The residual light is either absorbed (about
50%) or appears in other, undesired diﬀractive orders. To
achieve a spatial separation of these orders from the
desired light, we superpose both phase patterns by inclined
phase planes (see Fig. 2). Regarding the limited phase modulation depth of the light modulator, the functions P S and
P F are displayed modulo 2p radian:
P S ðx; yÞ ¼ mod2p½Sðx; yÞ þ k S x;
P F ðx; yÞ ¼ mod2p½argðx þ iyÞ þ k F x:

numerical aperture of our system (NA = 0.002): most of
the light scattered from these lines is not caught by the subsequent optics, which lets them appear dark in the image.
Adding a phase spiral to P F results in strongly edge
enhanced images (second row), as expected from Eq. (6).
The squares surrounding the individual structures mark
the boundaries of the pattern windows at the SLM panel.
Although the vortex ﬁlter is a pure phase ﬁlter and hence
is supposed to preserve total power, it may practically not
act intensity preserving in every case. Light, which is
focussed into a small region around the singular ﬁlter center is strongly scattered [15] and may therefore be lost, if it
is not captured by subsequent optics. Although this eﬀect is
of minor importance in speciﬁcally designed spiral phase
imaging setups [4], it is strongly pronounced in the setup
presented here, since the NA is very small. However, on

ð7Þ
ð8Þ
T=0

T=0.3 s

T=0.6 s

There, Sðx; yÞ is the structure pattern – in our case a binary
phase function. k S and k F are the gradients of the superposed inclined phase planes.
4. Experimental results
Fig. 3 shows various phase structures P S , as they appear
under the microscope, when the ﬁlter pattern P F is a pure
blazed grating without vortex. The dark lines dividing
areas of diﬀerent phase shift are explained by the low

Fig. 4. Polystyrene beads (diameter = 750 nm), travelling in counterclockwise direction along the edges of a spiral-ﬁltered phase triangle. The
mean bead velocity is about 1.5 lm per second at total power of about
70 mW in the microscope object plane.

Fig. 3. Various binary phase structures, created by the SLM. The ﬁrst row shows brightﬁeld images of the structures as they appear under the microscope,
if P F is a pure grating without vortex. The images of the second row represent the spiral phase ﬁltered patterns. As expected, the phase edges are strongly
emphasized. As indicated by the images of the third row, they can act as optical traps for polystyrene microbeads (diameter 750 nm). The transverse
scattering forces cause the particles to move along the bright lines. The total laser power in the microscope object plane was about 70 mW.
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Fig. 5. Turning points represent points of attraction or repulsion, depending on the sign of the ﬁlter helicity. The total laser power in the object plane was
about 90 mW.

the other hand this ensures a high degree of isotropy in the
spiral-ﬁltered images [6].
The images in the third row of the ﬁgure demonstrate
the ability of the bright edges to act as optical traps. A
water layer containing polystyrene microbeads (diameter
750 nm) was sandwiched between two glass coverslips, such
that the layer thickness was about 20 lm. The beads were
laterally trapped by the bright edges and simultaneously
pressed onto the upper coverslip by scattering forces. The
used objective is a ZEISS Neoﬂuar with a magniﬁcation
of 100 and a NA of 1.3.
The lateral phase gradients of the light ﬁelds at the structure edges cause the trapped beads to travel along the
structure boundaries, as indicated by the arrows in
Fig. 3. This eﬀect is also demonstrated in Fig. 4 by means
of movie snapshots. The observed motion only occurs
when the structure is completely ﬁlled with microparticles,
which is expected, since straight lines have a constant phase
and do not exert transverse scattering forces. Thus, a single
bead at any position on a straight line is not pushed by
light forces into any direction. This has also been experimentally checked by creating straight line traps with the
described method. On the other hand, if a closed line is
‘‘ﬁlled” with beads, the resulting closed chain always
moves, since beads in a region without local tangential
forces are pushed by neighbouring ones which are located
at positions where a correspondingly higher momentum
is transferred. Such a ‘‘closed chain” of beads also overcomes local stable trapping positions that can appear due
to inhomogeneities of the light intensity distribution along
a curve.
A further prediction of Eq. (6) is that the sign of the
exerted optical torque depends on the sign of the line curvature. Hence, a turning point within a line trap should
represent either a point of attraction or repulsion, depending on whether the vortex ﬁlter is of the form exp½i/ or
exp½i/. The experimental demonstration of this prediction is given in Fig. 5. The ﬁgure shows such a line trap,
which was created by vortex ﬁltering a speciﬁcally designed
phase step (ﬁrst and second image). As expected, a positive
helicity caused a ‘‘compression” of the beads at the turning
point, while a negative ﬁlter helicity led to a repulsion. Correspondingly, a soft object (like a red blood cell) trapped at
such a point will experience a stretching or a compressing
force, depending on the sign of the local curvature of its
path.

5. Discussion
The presented experiments describe the, to our knowledge, ﬁrst realization of optical tweezers shaped by a spiral
phase ﬁlter, similarly as proposed by Guo et al. [3]. The
setup makes use of one single phase modulator to create
both, the trapping structures and the vortex ﬁlter. The
setup shows some advantageous features of the GPC
method [2], such as the straightforward non-holographic
generation of light structures and real-time trap steering,
with the additional feature of transverse momentum transfer. Our observations conﬁrm that this transfer depends on
the geometric curvature of the line trap. However, due to
the structure of the vortex ﬁlter, the transverse phase gradient necessarily has – independent of the trapping structure
– a mean value of 2p=L, where L is the total length of the
line trap. The transverse momentum transferred to polystyrene microparticles in water has, according to our observations, only a signiﬁcant amplitude for relatively strong
curvatures with radii in the range of 1 lm. Thus the presented method is probably only suitable for very speciﬁc
tasks, but nevertheless represents a step towards the realization of arbitrarily shaped tweezers, where gradient and
scattering forces can be adjusted independently.
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