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Photonics is currently undergoing an era of miniaturization
thanks in part to two-dimensional (2D) optical metasurfaces.
Their ability to sculpt and redirect optical momentum can
give rise to an optical force, which acts orthogonally to the
direction of light propagation. Powered by a single unfocused
light beam, these lateral optical forces (LOFs) can be used
to drive advanced metavehicles and are controlled via the
incident beam’s polarization. However, the full control of a
metavehicle on a 2D plane (i.e. forward, backward, left, and
right) with a sign-switchable LOF remains a challenge. Here
we present a phase-gradient metasurface route for achiev-
ing such full control while also increasing efficiency. The
proposed metasurface is able to deflect a normally incident
plane wave in a traverse direction by modulating the plane
wave’s polarization, and results in a sign-switchable recoil
LOF. When applied to a metavehicle, this LOF enables a
level of motion control that was previously unobtainable.
© 2023 Optica Publishing Group
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The momentum exchange between light and matter gives rise
to optical forces that can be used to control the motion
of objects [1,2]. This ability of light to conduct noncon-
tact manipulation has had a huge impact on the fields
of biophotonics [3], quantum physics, and metrology [4,5].
For many years, optical micromanipulation was based on
focused or structured light fields, which are generated with
bulky optical devices, such as objectives and spatial light
modulators [6–8]. However, the recently emerged field of
metasurfaces [9–14] has started to facilitate a revolution in
this area. Metasurfaces offer an on-chip solution to opti-
cal micromanipulation systems by replacing traditional three-
dimensional devices with flat, ultrathin optical components
[15–20]. More importantly, these artificial materials hold

remarkable performance in deflecting and modifying elec-
tromagnetic characteristics, opening the opportunity for the
deterministic micromanipulation of simple unfocused light
beams.

Metavehicles are maneuverable microstructures launched by
an integrated metasurface [21], which reconfigures the momen-
tum of light in order to produce a lateral optical force (LOF)
[22–31]. LOFs are at the center of proposed future technologies,
including all-optical enantiomer separation [32–35], chip-based
optical transport [36], and bottom-up nanofabrication [37]. The
LOF caused by a metasurface on a metavehicle is able to control
the LOF direction simply by changing the polarization of the
incident plane wave, thus enabling the metavehicle to drive in a
straight line or turn corners on demand. However, conventional
metavehicles [21] are powered and steered by an optical grat-
ing metasurface (OGM), which does not allow them to function
like everyday vehicles, capable of driving backward. To over-
come this drawback, microdrones are designed based on gold
nanoantennas, but two light beams of different wavelengths are
required to actuate them. In this contribution, we present a fully
functional metavehicle based on a phase-gradient metasurface
(PGM) that can be actuated in a bidirectional manner, namely,
to move both forward and backward (Fig. 1). The ability to steer
is provided by elliptical polarization, matching the property of
OGM-based metavehicles.

In our study, we consider an input plane wave at normal inci-
dence, propagating in the positive z direction [Fig. 1(a)]. The x
axis is aligned to the major axis of the metasurface, which is
immersed in water. We define the +x direction as the forward
direction. Our first aim is to achieve a LOF on the metasur-
face pointing in the x direction, with its sign determined by
the polarization direction of the input field. To this end, the
structure of the metasurface should be symmetrical about its
long axis, such that the y component of the LOF can be elim-
inated by symmetry. Conversely, an anisotropic nanostructure
can act as a birefringent truncated waveguide, allowing for the
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Fig. 1. (a) PGM-based metavehicles, which run forward and back-
ward with different linear polarization scattering; θ+ and θ− denote
transmission angles at x and y polarization incidence, respectively.
(b) Different driving modes available to our metavehicle design,
and their analogies to real-world vehicle controls.

Fig. 2. (a) Metasurface unit cell composed of a-Si nanofins with
period Λx =Λy = 520 nm, fixed height H, and varying length L and
width W. (b), (c) Simulated diffraction of two typical unit cells for
orders 0 and ±1 with x and y polarization incidence.

control of the beam deflection. Each unit cell of the PGM
is built to exhibit a polarization-dependent optical response,
which is the main technical advantage of a PGM over an OGM
[11,12,18,19]. Therefore, one may anticipate that the recoil-
ing mechanical effect could be radically different at x and y
polarization excitation, respectively.

In principle, the input and output waves are linked by the
Jones matrix description: |Eout⟩ = J |Ein⟩. Such an anisotropic
and unitary Jones matrix can be written as [11,18,19]

J(x, y) = eiφ+(x,y) |q+⟩⟨q− | + eiφ−(x,y) |(q+)∗⟩⟨(q−)
∗
|, (1)

where ⟨q− | is defined as the incident polarization state for which
the metasurface will preferentially scatter the directional beam
while extinguishing the orthogonal polarization state ⟨(q−)

∗
|,

and the vector ket |q+⟩ denotes the polarization state emitted
by the interface. Conventionally, the output polarization |q+⟩ is
consistent with incident polarization ⟨q− |. In this case, we set
⟨q− | = [1 0]T with maximum intensity when x polarization is
incident, while the response of the other polarizations is low.
By changing the incident polarization, the conjugate operator
⟨(q−)

∗
| = [0 1]T acting on the metasurface will emit y polar-

ization with the other phase profile, while suppressing the x
polarization, which conforms to Malus’s law [12].

Figure 2(a) shows a typical unit cell with our anisotropic
design, composed of amorphous silicon (a-Si, refractive index:
nSi= 3.5) grown on a fused SiO2 (nSiO2= 1.45) substrate in water
(nenv= 1.33), which can be regarded as a truncated waveguide.
Based on Bragg’s theorem, the highest efficiency of zeroth
order diffraction should fulfill 2π/Λx,y<2πnsub/λ. Here, the lat-
tice constants are set asΛx =Λy = 520 nm to suppress high-order
diffraction, and the height is fixed as H= 800 nm. We apply peri-
odic boundary conditions along the x and y axes, set the z axis
interfaces to perfectly matched layers and use finite-difference

Fig. 3. (a) Configuration of implemented metavehicle. (b) Exam-
ple of simulated field with orthogonal linear polarization (LP)
incidence. (c) LOF on PGM and OGM as a function of polarization
angle δ.

time domain (FDTD) simulations to evaluate the optical behav-
ior of the metasurface. The parameters of picked nanopillars
for metavehicle design are given in Note 1 of Supplement 1. In
particular, we provide a comparison of zeroth and ±1st order
transmittance for nanocells of PGM and OGM [Figs. 2(b) and
2(c)], respectively, suggesting that the dual-channel PGM not
only improves the efficiency of the zeroth order with input y and
x polarization, but also further inhibits higher-order diffraction.

According to the previous discussion, a completely oper-
ational metavehicle requires both phase gradients in the x
direction and periodicity in the y axis. Therefore, ϕ+ and ϕ−
from Eq. (1) should follow

ϕ+(λ0, x) =
2π
λ0

x sin θ+t and ϕ−(λ0, x) =
2π
λ0

x sin θ−t , (2)

where θ+t = − θ−t =45◦ is set for x and y polarization illumination,
respectively.

Figure 3(a) shows the layout of the developed PGM, featur-
ing an aperiodic arrangement of nanofins along the x direction.
The overall size is in accordance with that of the OGM in Ref.
[21]: 12 µm× 10 µm× 1 µm, which can be used for the delivery
of unicellular organisms. Figure 3(b) shows the output fields
for x and y polarization. While the input plane wave propa-
gates in the z direction, the output field in both cases acquires a
transverse component of the wave vector (and therefore momen-
tum), because it varies along a tilted direction. Such a deflection
of the propagation direction will yield a recoiling LOF on the
PGM, which points in the x direction. According to the momen-
tum conservation law, this recoil force can be expressed as
Fx ∝ ⟨kin⟩x − ⟨kout⟩x =−⟨kout⟩x, where ⟨kin⟩x and ⟨kout⟩x are the
projections of input and output mean wave vectors on the x axis,
such that ⟨kin⟩x = 0 for normal incidence. Therefore, the PGM
will experience a positive LOF under x polarization excitation,
and the LOF is expected to change sign for y polarization.

To quantitatively evaluate the LOF, the time-averaged optical
force was calculated using the real part of the complex Maxwell
stress tensor theorem [38–40]:

F =
∮

↔

T · n̂ dσ, (3)

https://doi.org/10.6084/m9.figshare.21669407


Letter Vol. 48, No. 2 / 15 January 2023 / Optics Letters 257

Fig. 4. Broadband results for two classical metasurfaces: (a), (b)
force and torque for x and y polarization; (c), (d) results for LCP
and RCP illumination.

where
↔

T represents the time-averaged Maxwell stress tensor, and
n denotes the unit vector outward and normal to the arbitrary sur-
face σ enclosing the vehicle. We note that the metasurface was
originally designed to control the deflection of the transmitted
light, but any reflected light may also gain a transverse propa-
gation component and thus contribute to the LOF. However, the
Maxwell stress tensor takes this into account by incorporating
the total fields around the metasurface.

Figure 3(c) shows the calculated LOF for different input polar-
ization angles with respect to the x axis. Results are shown for
both the PGM and OGM, for comparison. We observe that the
sign of the LOF on the PGM is switchable with the polarization
angle. The sign change occurs near δ = 45° so that the force has
different signs for δ = 0° and 90°, in agreement with our predic-
tions. As a result, the PGM moves forward and back at δ = 0°
and 90°, respectively. By contrast, the sign of the LOF is always
positive for the OGM, though the force magnitude is sensitive
to δ.

Figures 4(a) and 4(b) show the LOF calculated at different
wavelengths for x and y polarization. The optical torque [38]
in the z direction is also presented. The LOF phenomenon is
broadband, both in magnitude and in sign. Under these linear
polarization conditions, symmetry dictates that the torque must
vanish. In this context, the metavehicle can drive straight forward
(or backward), at the x (or y) polarization, as illustrated by insets
i and ii of Fig. 1(b).

To investigate the swerving ability of the metavehicle, the
force and torque were also calculated for circularly polarized
plane wave incidence. The results are shown in Figs. 4(c) and
4(d). The torque is always positive for left-handed circular
polarization (LCP), and negative for right-handed circular polar-
ization (RCP). For a given wavelength, the torques induced by
the LCP and RCP are of opposite signs but the same magni-
tude. A lateral force Fx can also be induced, but it has the same
sign and magnitude for the LCP and RCP. In this regard, it
should be noted that the coordinate system in our study is built
based on the orientation of the metavehicle (i.e., the x axis is
always in line with the long axis of the metavehicle). There-
fore, the metavehicle can orbit under the action of Fx when the
torque Mz is present, which realigns the metavehicle’s heading,
while the LOF in the y direction, Fy, is not necessary for the

orbital motion. In fact, Fy is always suppressed for the meta-
surface, whose geometry is symmetric about its long axis (see
Note 2 of Supplement 1).

Interestingly, the sign of Fx can be changed with wavelength,
in contrast to the linear polarization-induced force, whose sign
is insensitive. For Fx > 0, the metavehicle is expected to turn left
(or right) while moving forward at RCP (or LCP), a scenario
depicted in inset vi (or iv) of Fig. 1(b). It is also able to turn cor-
ners while driving backward [i.e., insets iv and vi of Fig. 1(b)],
occurring at Fx < 0 and RCP (for left turning) or LCP (for right
turning). Finally, it is worth noting that, owing to the radiation
pressure, the optical force in the z direction is nonzero, but it can
be balanced by the gravity of the metavehicle itself in practice
[21].

The presented work shows an improved LOF platform for a
future metavehicle design, which provides the additional capa-
bility of reverse operation while retaining all the forward and
steering elements enabled by previous designs. The metasurface
is powered by a plane wave incident from beneath the metavehi-
cle, which is then deflected on transmission through a PGM. The
efficiency and range of possible deflections is increased in com-
parison with a conventional OGM, resulting in a wider range of
strong recoil LOFs on the metavehicle. A PGM solution com-
pletes the set of 2D movements required for a general-purpose
metavehicle, and the use of plane wave illumination implies that
numerous metavehicles can be controlled simultaneously. Such
metavehicles are therefore ideally suited for the transportation
of microscopic bodies and similar applications [41–45].

As a closing remark, it is of importance to note that a compre-
hensive design requires a careful consideration of not only the
function of the metavehicle, but also its motive force, stability,
and robustness, for which one should take into account both the
force and torque in each direction (see Note 3of Supplement
1 for a detailed discussion). For example, the deflection angle
of the metasurface could be increased to enhance the magni-
tude of the LOF. There is thus a lot of room for optimizing the
PGM parameters. Such an optimization design is the subject of
ongoing research.
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