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When photons interact with matter, forces and torques occur due to the transfer of linear and angular momentum, respectively.
The resulting accelerations are small for macroscopic objects but become substantial for microscopic objects with small masses
and moments of inertia, rendering photon recoil very attractive to propel micro- and nano-objects. However, until now, using
light to control object motion in two or three dimensions in all three or six degrees of freedom has remained an unsolved chal-
lenge. Here we demonstrate light-driven microdrones (size roughly 2 um and mass roughly 2 pg) in an aqueous environment
that can be manoeuvred in two dimensions in all three independent degrees of freedom (two translational and one rotational)
using two overlapping unfocused light fields of 830 and 980 nm wavelength. To actuate the microdrones independent of their
orientation, we use up to four individually addressable chiral plasmonic nanoantennas acting as nanomotors that resonantly
scatter the circular polarization components of the driving light into well-defined directions. The microdrones are manoeuvred
by only adjusting the optical power for each motor (the power of each circular polarization component of each wavelength). The
actuation concept is therefore similar to that of macroscopic multirotor drones. As a result, we demonstrate manual steering
of the microdrones along complex paths. Since all degrees of freedom can be addressed independently and directly, feedback
control loops may be used to counteract Brownian motion. We posit that the microdrones can find applications in transport and

release of cargos, nanomanipulation, and local probing and sensing of nano and mesoscale objects.

cal and scientific applications such as manipulation of atoms'~,
optical tweezers*’, cavity-optomechanics® and even solar sails’.
The resulting accelerations are small for macroscopic objects but
become quite large for microscopic objects with small masses. For
example, a moderate light flux of around 1 mW pm™ can create a
deflection force of about 50fN for an object with a 10*nm? absorp-
tion cross section. For objects with masses on the order of 1 pg, this
force results in strong accelerations of about 50 m s~ Using photon
recoil to actuate microscopic objects is therefore very attractive® .
Although basic motions, such as unidirectional translation''-"®
and rotation'**, of objects driven by optical forces have been real-
ized in various instances for quite some time, most of these experi-
ments lack true control of the motion, since the actuations are
limited to only one or even half a degree of freedom. Optical twee-
zers® can be used to manipulate objects in a well-controlled man-
ner using light. In optical tweezers, particles are trapped in strongly
focused light fields and can be moved by changing the position of
the focus. The orientation of objects typically remains uncontrolled
unless special particle shapes are combined with linearly polarized
light*® or several bulky handles are controlled using multi-beam
optical traps®?. Alternatively, orientation control or rotation of
nano-objects can also be achieved via transfer of spin'~*' or orbital
angular momentum?*-*>*. Nevertheless, the fact that optical twee-
zers rely on gradient forces poses some limitations. In particular,
the gradient force strongly depends on the size and shape of the
trapped particle, the displacement of the particle from the focus
centre and the refractive index contrast between the particle and
the environment. Moreover, the light field gradient is restricted by
the diffraction limit of the focus, which hinders stiff trapping for
nanoscale particles. Therefore, usually a very high light intensity has
to be used to obtain a sufficiently stable and accurate trap. Although
near-field optical tweezers®' can overcome these drawbacks to some

| ight-induced forces promise numerous fascinating technologi-

degree, they are typically fixed on a substrate and thus not suitable
for steering objects.

Using focused light can be avoided if the objects absorb or scat-
ter light asymmetrically in either longitudinal or transverse direc-
tions with respect to the propagation direction of the light, causing
unbalanced recoil forces'*'****. Plasmonic nanoantennas® are
very well suited for such a purpose, as they can efficiently absorb
or scatter light with a well-defined directionality to generate thrust
forces, and thus can act as motors if they are integrated into a rigid
matrix. Moreover, plasmonic nanoantennas can also be designed to
interact resonantly with different degrees of freedom of light, for
example wavelength as well as spin and orbital angular momentum,
such that it is possible to address them individually even when using
unfocused light. Tanaka et al.”” reported asymmetric plasmonic
dimer antennas that could generate lateral optical forces by scat-
tering incident light to one specific transverse direction. When an
array of identical antennas with the same orientation or four identi-
cal antennas with orientations rotating in 90° steps were arranged
in a microblock and illuminated with linearly polarized light, they
could produce unidirectional translation or unidirectional rotation,
respectively. As no reverse motion was possible, the actuation only
covered half a degree of freedom. Besides, optical trapping was still
used to confine the object in a line for the translation or in a spot
for the rotation. Other photonic structures can also produce asym-
metric scattering but typically have larger sizes. Andrén et al.”* used
unidirectional scattering of a large array of scatterers—a so-called
metasurface—to drive a comparatively large object moving for-
wards and transfer of angular momentum of circularly polarized
light to make the object turn to the right or left. Unfocused illu-
mination was used in the experiments. As no reverse motion was
possible either and the turning was always combined with forwards
translation with a constant radius, the actuation was limited to one
and a half non-independent degrees of freedom: the maximum that
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Fig. 1| lllustration of the setup and microdrone actuation concept. a, Two unfocused light beams of different wavelengths (orange, 830 nm and red,

980 nm) are used to steer microdrones (four- and two-nanomotor devices) by adjusting the laser power and the polarization state, that is, S, and S; of
the Stokes parameters, of each beam. Gold nanoantennas integrated into the transparent body of the microdrone are resonantly excited by either of the
two wavelengths and a certain circular polarization, and then scatter light into defined lateral directions (indicated by the small wavy arrows), which leads
to corresponding effective optical recoil forces. Perfect 2D motion is achieved by means of the light pressure in propagation direction that pushes the
microdrones towards the substrate, while sticking is avoided due to same surface charges on the microdrones and the substrate. b, The top view of the
four-motor microdrone (top) and comparison to a macroscopic quadcopter drone (bottom). The body of the microdrone is a circular disc with a diameter
of 2.5pum and thickness of 200 nm. The notch of the body indicates the orientation. Despite the tremendous difference in size, the motor configuration
(two pairs of motors with opposite chirality) and steering principles (by only adjusting the power of each control channel) are very similar.

could be achieved up to date for light-driven microscopic objects
with unfocused illumination. The limitation of control degrees of
freedom and systematic steering for these objects comes from the
fact that they either have only one motor or have identical motors
that cannot be addressed individually.

Here we demonstrate light-driven microdrones with full control
of all three independent degrees of freedom in two-dimensional
(2D) motions: that is, forwards-backwards and left-right trans-
lations and clockwise (CW)-counterclockwise (CCW) rotation.
Figure 1a shows a sketch of two microdrones being steered along
arbitrary trajectories in two dimensions by two unfocused laser
fields at 830 and 980nm wavelengths. The microdrones contain
either two or four plasmonic nanomotors integrated into a rigid
transparent body and symmetrically arranged with respect to the
centre of the body. Although they are very close to each other, on the
order of the used wavelengths, the nanomotors can be individually
addressed by means of a wavelength-dependent, chiral response to
the circular polarization components of the light**. The two wave-
lengths and two circular polarization components provide a maxi-
mum of four independent control channels. It is therefore possible
to use unfocused illumination with moderate intensities (in contrast
to optical tweezers), which circumvents the need for adjusting the
light beam positions to follow the microdrone. Note that in pre-
viously reported studies, linear polarizations of the excitation light
were the effective components for creating photon recoil forces and
translations, while circular polarizations were only used for creating
torques and rotations. For the present microdrones, by contrast, the
circular polarization components are responsible for all forces and
torques and therefore for both translational and rotational motions.

The advantage of using circular polarization components lies in
their continuous rotational symmetry, such that the nanomotors’
response is independent of the microdrone’s in-plane orientation.
As a result, only adjusting the optical power for each motor, that is,
the power of each circular polarization component of each wave-
length by controlling the total power and polarization states (Stokes
parameters S, and S,, respectively), is required to steer the micro-
drones, such that the steering mechanism is very much simplified.
The actuation concept is therefore very similar to that of macro-
scopic multirotor drones that can accomplish complex manoeu-
vres**!. Figure 1b highlights the similarity between the four-motor
microdrone in the present work and a macroscopic quadcopter
drone, each containing two pairs of individually addressable motors
with opposite chirality but differing five orders of magnitude in
size. For the experimental implementation of the microdrones, we
have developed unique nanofabrication techniques. In particular,
high-precision single-crystalline plasmonic nanomotors are fabri-
cated using an efficient focused helium ion beam milling method.

Principle of plasmonic nanomotors and microdrones

The concept of the microdrone motors is based on the idea of using
the helicity of light to switch the near-field intensity distribution
of plasmonic nanostructures. The nanomotor design starts from
a plasmonic core element consisting of two identical nanorods
perpendicular to each other (Fig. 2a middle column)*. This core
element takes advantage of an equal-amplitude superposition of
a symmetric and an antisymmetric mode of the weakly coupled
nanorod pair such that the near field on either of the two nanorods
is completely cancelled depending on the circular polarization of
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Fig. 2 | Working principle of plasmonic nanomotors (simulation). a, Two types of nanomotor (left and right columns) are developed by adding an
additional gold nanorod to a core element (middle column) consisting of two identical orthogonal gold nanorods. The additional nanorod serves as a
reflector and together with the vertical nanorod of the core structure leads to a directional scattering once the vertical rod is excited. The structures are
designed to work at 830 nm wavelength. The near-field intensity distribution (left panel) and far-field angular distribution of the scattered intensity (right
panel, normalized to maximum) are displayed for each column and each circular polarization. The scale bar (100 nm) and colour bars in the middle column
apply to all three columns. The green arrows superimposed onto the scattering patterns represent the total force in the xy plane, with a linearly scaled
length denoting the magnitude of the force. The force corresponds to 0.18 pPN mW="um=2 when the arrowhead reaches the 90° ring of the scattering
pattern. b,c, The major force component F, as a function of the excitation wavelength and circular polarization for the type-I motors working at 830 or

980 nm and the core element working at 830 nm (b), and the type-Il motors working at 830 or 980 nm (¢), demonstrating the distinct wavelength- and
circular polarization-dependent response of the nanomotors. For the type-I motors, only the spectra of F, for CCW are plotted due to symmetry. The

excitation light source is a plane wave incident along the z direction.

the excitation light, as seen in the middle column of Fig. 2a. To
provide lateral thrust, the core element is combined with an addi-
tional plasmonic nanorod that acts as a reflector element, similar
to Yagi-Uda antennas, and results in a directional light scattering.
Using this concept, we have implemented two different configura-
tions that differ in the position of the reflector element, as depicted
in Fig. 2a (type I, left column and type II, right column). For both
configurations, the lengths of all the nanorods and their distances
are further optimized to achieve the best performance. The sym-
metric motor (type I) produces the same lateral thrust in opposite
directions for both circular polarizations. The asymmetric motor
(type II) produces lateral thrust only for CW polarization, while
for CCW polarization no lateral force is produced due to a sym-
metric scattering pattern. Note that the core element alone does not
provide any directional scattering and therefore no lateral force is
produced. For both motor types, we take advantage of the tunability
of plasmonic resonances to construct two different versions that are
resonant at 830 and 980nm, respectively. Figure 2b,c displays the
respective spectra of force component F, (for F, see Supplementary
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Fig. 1) for both circular polarizations. We obtain peak lateral forces
of up to 0.23pNmW ' pm~ with contrast ratios >10 between the
two wavelengths (both type I and II) and >30 between the two cir-
cular polarizations (type II). The very small cross talk means that
these nanomotors can be controlled individually by circular polar-
ization components of light with the respective wavelength. A gen-
eral discussion of force efficiencies of the nanomotors is presented
in Supplementary Note 1.

On the basis of these properties, the two types of nanomotor
working at wavelengths of 830 and 980nm are used to construct
two types of microdrone, one consisting of two type-I motors
(two-motor microdrone) and the other one consisting of two
pairs of type-II motors with opposite chirality (four-motor micro-
drone), as shown in Fig. 3. Because each of the nanomotors can be
addressed individually, with the combinations of wavelength and
circular polarization listed in the upper row of Fig. 3, the two-motor
microdrone can be actuated in two degrees of freedom (forwards—
backwards translation and rotation), while the four-motor micro-
drone even offers one additional degree of freedom (right-left
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Fig. 3 | Sketches of fundamental actuation patterns for two- and four-motor microdrones. The top row shows the different combinations of the two
wavelengths (830 nm in orange and 980 nm in red) and two circular polarizations (denoted by the circular arrows) for realizing the fundamental degrees
of freedom for the two- or four-motor microdrones, respectively (second and third rows, respectively). Translation or rotation directions are denoted by the
black arrows. The resonant plasmonic nanomotors scatter light of certain wavelengths and certain circular polarization into different directions (indicated
by the wavy arrows), and the microdrones are therefore driven by the resulting overall recoil forces and torques.

translation), as illustrated by the black arrows. To achieve rotations
(translations), the two colours (830 and 980nm) should have the
same (opposite) circular polarizations, such that the resulting forces
(torques) have opposite directions and can be cancelled by adjust-
ing the power ratio of the two colours. It is noticed that for each
nanomotor, in addition to the torque of r X F, where r is the position
vector of the mass centre of the motor with respect to the centre
of the microdrone and F is the total force in the xy plane (Fig. 2a),
there is also a non-zero torque with respect to the mass centre of the
motor (Supplementary Fig. 2), which is a result of transfer of spin
angular momentum of photons?'. For the motor configurations in
Fig. 3, these two torque components of each motor add up construc-
tively since they always have the same direction. The effect of the
torque component resulting from transfer of spin angular momen-
tum for different motor configurations is further investigated in
Supplementary Video 1.

Device fabrication

The structures fabricated for the experimental demonstration of
microdrones are displayed in Fig. 4. The correct dimensions of
the gold nanorods that constitute the nanomotors are verified by
measuring the far-field angular distribution of the scattering for the
type-I motor working at 830 nm. The spectrum of F, extracted from
the measured scattering patterns at varying wavelengths agrees well
with the simulation (Supplementary Fig. 3). Fabrication details are
described in the Methods section and Extended Data Figs. 1-3.
Briefly, in the first step, the gold nanomotors are fabricated on a
hydrogen silsesquioxane (HSQ) layer on a substrate coated with
indium tin oxide (ITO) by means of focused helium ion beam mill-
ing of a single-crystalline gold flake with an efficient outline milling
and gold flake peeling method (Fig. 4a—c). Due to the high-quality
gold material® and the high resolution of the helium ion beam, the
resulting structures exhibit accurate and consistent geometries,
which ensures quantitative agreement between experiment and
simulation (Supplementary Fig. 3). In the next step, the transparent
microdrone bodies (made of HSQ) are created (Fig. 4d,e). The HSQ
body, in which the nanomotors are encapsulated, has very favour-
able optical and mechanical properties and protects the motors
from contamination and distortion. Finally, the microdrones are
transferred into a water cell for actuation measurements (Fig. 4f and
Supplementary Video 2).

2D control in all degrees of freedom

Despite their small size (Fig. 4f, diameter one-third of human red
blood cells), the microdrones still reveal advanced capabilities.
The results of actuation experiments for the two- and four-motor
microdrones are presented in Figs. 5 and 6, respectively, and in
Supplementary Videos 3-5. We find that the fundamental degrees
of freedom of the control described in Fig. 3 are very well realized
for both the two-motor (rotation and forwards—backwards trans-
lation in Fig. 5a,c, respectively) and the four-motor microdrones
(rotation, forwards-backwards translation and right-left transla-
tion in Fig. 6a,b,c, respectively). Both translation and rotation are
affected by noticeable random position and orientation fluctua-
tions, which are attributed to Brownian motion of the microdrones
caused by collisions with surrounding water molecules. Influence of
thermal effects can be excluded here since the temperature increase
at the microdrone body due to heating of the nanomotors is very
small and symmetric’.

The angular velocities of the rotations of several two-motor
microdrones at various light powers have been extracted from cor-
responding videos. Figure 5b shows the plot of angular velocity as
a function of the intensities of the two wavelengths. Because the
microdrones do not always stay in the centre of the illumination
spot, for each wavelength, the intensity is taken as the mean value
in the region of the full-width at half-maximum of the illumination
spot. Theoretical angular velocities calculated from a model con-
sidering viscous friction (Supplementary Note 2) at corresponding
intensities are also plotted for comparison. It can be seen that the
experimental angular velocities match the theoretical ones up to a
factor of 1/3-1/2. For the linear motions, the velocities extracted
from the videos are about 8nmms™ at average intensities of about
0.3mW pum~ for both wavelengths. There is also a mismatch of a
factor of about two between the measured translation velocities and
the prediction, in agreement with the rotation case. We suspect that
the observed mismatch is due to underestimated liquid drag in the
model at very small length scales and increased viscosity of the lig-
uid, as explained in Supplementary Note 2. It is important to note
that the illumination intensities used here for driving the micro-
drones are orders of magnitude lower than those of conventional
optical tweezers. Using low illumination intensity is an advantage
for applications where sensitive (absorbing) materials or measure-
ments are involved. As an example, the red blood cell in Fig. 4f has
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Fig. 4 | Scanning electron (a-e) and optical (f) micrographs of the fabricated structures. a,b, Top view of the gold nanomotors of the four- (a) and
two-motor (b) microdrones still attached to the substrate. Scale bars, 200 nm. ¢, 40¢° tilt view of one of the nanomotors, showing the well-defined
geometry of the structure. Scale bar, 50 nm. d, 40° tilt view of a completed microdrone on ITO substrate. The gold nanomotors are encapsulated in a
circular disc that is produced using electron beam lithography and etching. Scale bar, 200 nm. e, Top view of an array of four- and two-motor microdrones
on ITO substrate ready to be released. Scale bar, 1um. f, Microdrones released into a water cell in absence of the steering light field. Scale bar, 2 pm.

The inset is an optical micrograph of a human red blood cell (same scale as the microdrones).

been illuminated with intensities also used for driving the micro-
drones but still sustains a good shape.

In addition to the basic motions, we also demonstrate steering
of the microdrones along complex paths (Figs. 5d,e and 6d,e) using
simple control schemes (Methods). An 8-shaped path is achieved
by increasing or decreasing the power ratio between the two colours
at some points, such that the microdrones turn to the right or left
as required. A spiral path for the two-motor microdrone is imple-
mented by gradually increasing the power ratio between the 830 and
980 nm light starting from 0, leading to a ‘right turn’ with increasing
radius. For the four-motor microdrone, a spiral path is implemented
by gradually increasing the power ratio between the CW and CCW
components of the 830nm light starting from zero, such that the
microdrone turns to the left with an increasing radius. The drone
orientation along the trajectories can be identified by means of the
orange and red dots in the figures, which indicate the positions of
the 830 and 980 nm motors, respectively (Methods). Note that, dif-
ferent from the two-motor microdrone that always moves forwards’
in both the 8-shaped and the spiral paths (Supplementary Video 3),
the four-motor microdrone moves ‘leftwards’ in the 8-shaped path
but forwards in the spiral path (Supplementary Video 4), highlight-
ing the additional degree of freedom for the four-motor microdrone.

Discussion
The actuation and nanomotor concept presented here can be
extended to microdrones that are controlled in all six degrees of
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freedom of three-dimensional motions. To this end, counterpropa-
gating beams should be used for illumination and new motor struc-
tures should be introduced to create out-of-plane forces that are
dependent on the wavelength and circular polarization*, such that
the additional three degrees of freedom for out-of-plane motions
can also be controlled, but without increasing the number of light
sources. The direct and deterministic relation between light field
properties and the resulting forces in three or six independent
degrees of freedom in two or three dimensions in principle also
enables a suppression of Brownian motion to alarge degree, provided
that corresponding feedback loops are implemented®. Feasibility of
the necessary precise detection of the position and orientation of
the microdrone has been demonstrated in Supplementary Videos
3 and 4. A rough estimation suggests that the position noise due to
Brownian motion can be suppressed to below 10nm using a feed-
back loop of 10kHz bandwidth (Supplementary Note 3). Under
such conditions, a microdrone could not only be steered along a
desired path with very high precision, but also be stabilized at a cer-
tain position and orientation, analogous to optical trapping.

Conclusions

We have experimentally demonstrated light-driven microdrones.
These minijature robotic devices contain up to four plasmonic
nanoantennas as thrust motors based on directional light scattering,
that is, photon recoil. The nanomotors can be addressed individu-
ally and directly by different circular polarization components of
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Fig. 5 | Actuation experiments of two-motor microdrones. a, Rotation in both CW and CCW directions (denoted by black arrows). The time interval
between two adjacent snapshots is 100 ms. The images in each row show the same position on the sample. The scale bar (2 um) applies to the whole
figure. b, Measured (blue circles with standard deviation error bars) and theoretical (red circles) angular velocity in dependence of excitation intensities
of the 830 and 980 nm light. ¢, Forwards-backwards translation. The two panels are for the same position on the sample and are continuous in time.

d, Motion in an 8-shaped path. e, Motion in a spiral path. The motions are progressing in time from green to blue along the trajectories. The orange and
red dots indicate the positions of the 830 and 980 nm motors, respectively, on every 25th (¢) or 50th (d and e) frame (counting from the end frame,
1frame corresponds to 10 ms). The white lines connecting the red and orange dots are guides for eye and represent the orientation of the microdrone.
The orange and red circular arrows denote the circular polarizations of the 830 and 980 nm light, respectively. The laser spots of both lasers have

a 1/e? width of around 15 pm and are stationary. The mean intensities in a and ¢ are around 0.31 and 0.15 mW pm~2 for 830 and 980 nm, respectively.
The corresponding videos are found in Supplementary Video 3.

unfocused light fields of two wavelengths. Manoeuvring is realized  of all six degrees of freedom. Steering in all independent degrees
by simply adjusting the respective power of the light field com- of freedom would allow stabilization of position and orientation as
ponent that addresses each motor. The microdrones so far can be  well as the motion of the microdrones through automated feedback
steered in all three degrees of freedom in two dimensions, but the  control. Owing to their unique properties, light-driven microdrones
concept can be extended to three dimensions, resulting in control = may serve as a new experimental platform for many intriguing
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Fig. 6 | Actuation experiments of four-motor microdrones. a, Rotation in both CW and CCW directions (denoted by black arrows). The time interval
between two adjacent snapshots is 50 ms. The images in each row show the same position on the sample. The scale bar (2 pm) applies to the whole
figure. b, Forwards-backwards translation. ¢, Left-right translation. The two panels in b and ¢ are for the same position on the sample and are continuous in
time, respectively. d, Motion in an 8-shaped path. e, Motion in a spiral path. The motions are progressing in time from green to blue along the trajectories.
The orange and red dots indicate the positions of the 830 and 980 nm motors, respectively, on every 25th (b and ¢) or 50th (d and e) frames (counting
from the end frame, 1 frame corresponds to 10 ms). The white lines connecting the red and orange dots are guides for eye and represent the orientation

of the microdrone. The orange and red circular arrows denote the circular polarizations of the 830 and 980 nm light, respectively. The laser spots of

both lasers have a 1/e? width of around 15 pm and are stationary. The mean intensities in a-c are around 0.31 and 0.22 mW pm-~2 for 830 and 980 nm,
respectively. The corresponding videos can be found in Supplementary Video 4.

applications. For instance, functional loads, such as tips***°, nano-
sensors®” and plasmonic tweezers”, as well as chemical cargos®,
could be attached to the microdrones, to perform interactive manip-
ulation, scan-probing of cells and nano-objects, sensing of local
environments, assembly of nano structures and transport of mate-
rials. Apart from the straightforward manipulation and delivery
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applications, combinations with plasmonic elements would be par-
ticularly attractive, as they can be directly incorporated into the
present fabrication process. A good example is combination with
plasmonic nanotweezers, which are useful for trapping nanopar-
ticles but typically fixed on a substrate. A movable plasmonic
tweezer could be obtained by fabricating the tweezer structure on
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a microdrone. The low excitation intensity for microdrones also
fits the requirements for plasmonic tweezers. Another example is
tip-enhanced Raman scattering’. As a microdrone can be precisely
manoeuvred and stabilized with help of feedback control, it can
act as a remote scanning device in a liquid environment. A sharp
gold tip could therefore be built on the microdrone to scan a lig-
uid-solid interface and analyse the components by tip-enhanced
Raman spectra. Similarly, other units such as plasmonic refractive
index sensors or catalytic nanoparticles could also be integrated
onto microdrones.
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Methods

Numerical simulation. The finite-difference time-domain algorithm (Lumerical
FDTD Solutions) is used for the simulations. Optical forces are calculated from
the Maxwell stress tensor of the fields. Parameter sweeps are used to optimize
the geometry of the motor structures. Some example results are presented in
Supplementary Fig. 4. The refractive indices of gold and HSQ are set as in ref. *
and to n=1.4, respectively. For the results in Fig. 2, the HSQ body is set to be
infinitely large, but the deviation of the results from the realistic case, where the
body is a 200-nm-thick disc in water, is negligible, as shown in Supplementary
Fig. 5. All forces and torques in the paper (including the Supplementary
Information) are time-averaged values.

Microdrone fabrication. Plasmonic nanomotors are fabricated from
single-crystalline gold flakes using a unique approach (Extended Data Fig. 1)
based on focused helium ion beam milling (Zeiss Orion NanoFab). Gold flakes are
chemically synthesized on glass coverslips™ and a flake of the thickness matching
the desired height of the motor structures is detached by a piece of polymethyl
methacrylate (PMMA) and then transferred to the structuring substrate. The
PMMA is dissolved by acetone before focused ion beam milling. The glass
substrate features a thin layer of ITO and a layer of spin-coated HSQ on top. To
define the desired motor structures, only the outlines (around 15 nm wide) of the
structures are milled and the remaining gold material is removed by peeling off
the gold flake. To peel off the gold flake without harming the motor structures,

a droplet of polyvinyl alcohol (PVA) solution is deposited towards the right side
of the gold flake to cover only one corner of the gold flake, leaving the motor
structures untouched (lower image in Extended Data Fig. 1a). After drying out,
the PVA piece acts as a handle for the gold flake, such that the gold flake can be
peeled off by grabbing the PVA piece with a tweezer. It is seen that after gold flake
peeling, the whole area is very clean and gold structures remain unaffected. This
method reduces the patterning time tremendously and also drastically improves
the resulting structure quality due to reduced proximity effect and redeposition
of sputtered material. The body of the microdrone is created using electron beam
lithography and HSQ etching (Extended Data Fig. 2).

The key steps of the transfer of microdrones into water are shown in Extended
Data Fig. 3. To avoid losing the relatively small number of microdrones in water,
the transfer approach takes advantage of the water solubility of PVA. The ITO
layer is first etched using HCI, and the microdrones are then covered by a droplet
of PMMA solution. After drying out, the PMMA piece is peeled off the substrate
together with the microdrones. The PMMA piece is placed upside down on a
substate with the microdrones on the upper side. Now a droplet of PVA solution
is placed on the PMMA piece and covers the microdrones. Once the PVA droplet
dries out, the PMMA-PVA compound is dipped into acetone to dissolve the
PMMA layer. The microdrones are thus transferred to the PVA piece, which is
then placed on a substrate with the microdrones on the upper side. To reduce
the amount of PVA to enter the water cell, a small area (about 200 um) of PVA
containing the microdrones is cut out and moved onto the bottom coverslip of
the water cell. Before closing the water cell, a water droplet is put onto the top
coverslip, such that the PVA piece on the bottom coverslip is covered by the water
droplet when the top coverslip is put into place. The PVA piece is then dissolved
and the microdrones are released into the still water. As a result, the microdrones
are swarming as a group and remain easy to find under microscope. Tiny amounts
of sodium dodecyl sulfate (10 mM) and NaCl (5mM) are added to the water to
generate the same surface charging on both the microdrones and the substrate of
the water cell, such that the microdrones do not stick to the substrate and a gap of a
few hundreds of nanometres is maintained when the driving light is on.

Optical setup and measurement. A schematic of the optical setup is shown
in Extended Data Fig. 4. The light sources are continuous wave laser diodes.
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The two beams are overlapped and focused to the back focal plane of the top
objective to generate a large-area unfocused illumination. The polarization of the
light is manipulated by manually moving in or out the half- and quarter-wave
plates or rotating the quarter-wave plate (for Fig. 6e only). The output power
of each laser diode is adjusted by controlling the laser diode current via a
LabView program.

The positions of the motors of a microdrone in the videos are determined using
a computer program that detects the dark spots representing the motors in every
video frame and fits each spot with a 2D elliptical Gaussian function. The centre
of the microdrone is extracted from the fitted motor coordinates. The original
videos have a frame rate of 100 frames per second.

Data availability

The data for Fig. 5b are provided as source data with this paper. Other data
supporting the conclusions of this study are available in the paper (including
Supplementary Information).

Code availability
The codes used during this study are available from the corresponding authors
upon reasonable request.
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Extended Data Fig. 1| Fabrication of the gold nanomotors. Upper row: Optical micrograph of a gold flake (a) and scanning helium ion micrographs of the
nanomotor structures (b-d) after outline milling with focused helium ion beam. Lower row: Optical micrograph (a) and scanning electron micrographs
(b-d) of the nanomotor structures after the gold flake is peeled off. The inset of the upper panel of a is an optical micrograph of the gold flake when its
right corner is covered by a dried-out droplet of PVA solution. The outline of the gold flake and the boundary of the PVA droplet at the gold flake region are
illustrate by the dashed lines in the lower panel of a.
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b

Extended Data Fig. 2 | Fabrication of the microdrone body. a, Gold nanomotors are fabricated on top of a spin-coated HSQ layer on an ITO/glass
substrate. b, An etching mask of HSQ with the same shape of the microdrone body but increased thickness is created in the first electron beam
lithography (EBL) step. €, The bottom HSQ layer is etched through with buffered oxide etch (BOE). The top mask is also thinned down and the wet etching
leads to an unwanted side profile. d, The sample is spin-coated with HSQ again and the final body with defined shape and dimensions is created in the
second EBL step. In panels a-¢, the top and bottom HSQ layers are presented in different colors for better illustration.
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a

Extended Data Fig. 3 | Transfer of microdrones to a water cell. Reflection (a-¢) and phase-contrast transmission (d) optical micrographs of
microdrones of a sample at key steps of the transfer process. a, On the glass substrate after ITO etching. The microdrones have moved slightly after the
etching. The inset shows the well-aligned array before ITO etching. The shiny dots and disk are gold markers for pattern alignment for electron beam
lithography. b, A PMMA piece with the microdrones attached on the top. A zoom to the area indicated by the dashed rectangle is shown in the inset
(same for ¢ and d as well). It is seen that the microdrone array is right-left flipped as compared to a. ¢, A PVA piece with the microdrones attached

on the top. The microdrone array is flipped again as compared to b. d, The microdrones are transferred to water. The water droplet has a volume of about
2.5ul and is sandwiched between two glass coverslips with a spacer of PDMS (165 pm thick). Now the microdrones are seen as the swarm of dark dots.
The air bubble to the right will disappear with time.
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White light

Dichroic mirror ‘ N\ 830 nm
SP 750 nm \

Polarization Dichroic mirror
compensator  LP 900 nm

Filter .
SP 680 nm Lens /2 achromatic
Focus at BFP
To camera of top objective

Extended Data Fig. 4 | Schematic of the optical setup. The inset to the left sketches the fact that both laser beams are focused by the lens to the back
focal plane (BFP) of the top objective (for polarized light) to create unfocused light fields. Both 830 and 980 nm laser beams pass a polarizer (horizontal
direction) positioned directly behind the laser diodes. The two light beams are overlapping after the dichroic mirror LP 900 nm. The polarization
compensator is used to correct the influence of the dichroic mirror LP 900 nm to the linear polarization of the 980 nm beam. The components and the
water cell are not to scale.
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