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Abstract
We investigate the torque efficiency in the angular

momentum transfer between Laguerre-Gauss beams and
purpose-built microrotors with discrete rotational
symmetry. The microrotors are fabricated using two-
photon photopolymerization. To aid the design of the
microrotors, we employ the discrete dipole approximation
and the T-matrix methods to model the torque imparted
by the driving beam, in parallel with experimental
verification.

1 Introduction
The development of optically-driven microrotors is

motivated by a number of applications. In lab-on-a-chip
applications they function as pumps or impellers [1, 2].
Microrotors have also been used as a viscometer in the
picolitre scale [3]. They can also be used to directly agitate
a biological cell in the study of its response to stimulation.

We have design optically-driven microrotors in the past
with a stalk-like structure [3]. However, lab-on-a-chip
applications may require a flatter, disc-shape rotor. Thus,
we embarked on designing a microrotor with such a
shape.

2 Laguerre-Gauss beams
For this study, we use the Laguerre-Gauss LG04 beam to

drive the microrotor. The beam is generated by passing a
Gaussian laser beam through a hologram (figure 1) [4]. As
a result, the beam acquires a phase structure made up of a
quadruple helix and it possesses orbital angular
momentum (OAM).

Figure 1 An off axis hologram for generating the LG04 beam.

The beam, tightly focussed using a high numerical
aperture lens (NA=1.3), is used to trap and rotate the
microrotor.

3 The corrugated donut rotor
Since the LG beam has a phase singularity at its core

and the rotor is required to have disc-like dimensions, we
embark on designing a rotor with a donut shape.
Additionally, the donut requires some corrugation so that
it can couple to the LG azimuthal modes, hence the
corrugated donut rotor (CDR).

As a consequence of Floquet’s theorem [17, 18], when a
CDR with p-fold discrete rotational symmetry is trapped
with an LG0l beam, the scattered modes will be lj = l0 + jp,
where l0 is the azimuthal mode of the incident beam and j
is an integer. The incident beam carries OAM of l0 ħ per
photon whereas the CDR scatters into modes with lj ħ
angular momentum per photon.

Since we use the LG04 beam, we designed the CDR with
8-fold discrete rotational symmetry, i.e., p = 8, where the
scattered light couples to LG0,-12, LG04, LG0,12. The mode
overlap at LG04 is primarily responsible for producing
torque.

4 Two-photon photo-polymerization and
micromanipulation

The CDR is made via two-photon photopolymerization.
Details of the process are outlined in [5]. Basically, it
involves 3D raster scanning, in the x, y and z directions,
using a femtosecond pulse laser focussed onto UV-curing
resin encased between cover slips (fig. 2). The uncured
portion is flushed away with acetone. The finished product
is shown in figure 3.

Figure 2 Schematic diagram of the 2PP process.
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Figure 3 Electron micrograph of a corrugated donut rotor, 3D-
printed using two-photon photopolymerization.

Figure 4 Schematic diagram of the CDR beam trapped and
rotated by the Laguerre-Gauss beam.

With the CDR in place, the chamber is then filled with
deionized water (fig. 4). The tightly-focussed LG beam is then
used to trap and spin the CDR. The orbital torque is determined
by measuring the rotation rate for incident beams with left-
circular, right-circular and linear polarizations [3].

5 Discrete dipole approximation and the T-matrix
In parallel with the experiments, we perform

computational calculations of the forces and torques on the
CDR. Discrete dipole approximation (DDA) [6] is the
method of choice due to its capability in modelling
arbitrary shapes. Figure 5 shows the CDR represented as
polarizable dipoles arranged in a cubic lattice, illuminated
by and LG04 beam which is modelled using vector
spherical wave function (VSWF) expansion.

Figure 5 Dipole model of the CDR trapped and driven by an
LG04 beam with a convergence angle of 78 ̊.

We perform repeated calculations of the forces on the
CDR so as to find its equilibrium position. Because of this
requirement we use a DDA T-matrix [7] method to save
computational time. The method also exploits the discrete
rotational symmetry to further reduce computational time
and memory footprint.

6 Results
In the experiment, we used the LG04 beam, focussed at

the convergence angle of 78 ̊, to trap and rotate the CDRsimilar to that shown in figure 3. The measured orbital
torque was 0.3 ± 0.03 ħ per photon.

Using the DDA T-matrix method we performed force
and torque calculations for the CDR along the beam axis.
The beam propagates in the –z direction and its linear
momentum pushes the CDR away from the focus whereas
the field gradient works to pull it close to the focus. The
axial force profile in figure 6a suggests that the CDR will
be trapped at the -2λ position. Taking the value at
equilibrium (fig. 6b), the orbital torque is approximately
0.28 ħ per photon.

(a)

(b)

Figure 6 a) The axial force efficiency versus displacement along
the beam axis (focus at 0) of the CDR driven by an LG04 beam.
The equilibrium is where the force is zero, in this case,
approximately -2λ. b) The torque efficiency versus displacement
along the beam axis. The value at equilibrium is taken for
comparison with the experimental result.
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7 Conclusion
A donut-shaped corrugated rotor with 8-fold discrete

symmetry was proven viable, experimentally and
computationally, to be trapped and rotated by a tightly-
focussed LG04 beam, inspired by the beam shape as well as
the application of Floquet’s theorem to achieve optimal
azimuthal mode coupling. The shape of the CDR provides
a design for a rotor suitable for a flat, disc-like spatial
requirement for a lab-on-a-chip application.

The DDA T-matrix method was used to model the CDR
being manipulated by LG beams. The torque results of the
model and experiment where in good agreement, i.e.,
within 7% error.
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