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The ability of light to exert forces and torques is the corner-
stone of optical manipulation of matter. For this manipula-
tion to be stabilizing—that is, robust to perturbations of the 

object’s position or orientation in the light field—it must exhibit 
a strong enough trapping potential. Among the conventional 
approaches for light-based mechanical manipulation, most notably 
particle optical tweezing and transport1–7, the trapping potential 
is realized by focusing and shaping the light beam to realize field 
intensity gradients that trap the particle. Such optical manipulation 
methods have become important research tools, with wide-ranging 
applications in biology and biomedicine8,9, microfluidics10,11 and 
colloidal science12. More recently, there has been a growing interest 
in levitation dynamics in optomechanical systems, including pas-
sive and active feedback schemes, for realizing quantum mechani-
cal superposition, ground-state cooling and coherent manipulation 
of mechanical systems13–19.

We highlight the limitations of some of the existing methods for 
mechanical manipulation of matter in Fig. 1. For example, in a con-
ventional optical tweezer trap used for controlling nanoscale and 
microscale objects, stability is conferred by the optical gradient force 
present in a highly focused beam of laser light. However, the need 
for high-intensity and highly focused beams limits the size, shape 
and material composition of the object that is to be manipulated3. 
This also constrains the distance at which manipulation is possible 
(h) relative to the focusing aperture size (L). For optical tweezers, 
as well as other means of optical trapping that rely on shaping the 
beam of light to create gradient forces, these limitations stem from 
the need to structure the incident electromagnetic field for a particle 
of the appropriate material, shape and size6. Consequently, a key fea-
ture of laser light—the ability to remain collimated and coherent 
over long distances—has remained a mostly untapped opportunity 
for optical manipulation and propulsion.

In contrast, an unfocused beam of light can provide enough 
intensity to balance (or overcome) the weight associated with the 
mass of a macroscopic reflecting structure. Indeed, the structure 
does not have to be nanoscopic, microscopic or in close proximity 
to the aperture (Fig. 1b). However, this type of dynamics is inher-
ently unstable. The instability of such a structure is readily apparent 

when a slight displacement with respect to the beam axis is con-
sidered. Such a displacement, whether by rotation or translation, 
results in a combination of a non-zero lateral force and a torque, 
which ultimately directs the object out of the beam path.

Here, we show that mechanical stability of macroscopic struc-
tures could be realized by tailoring the scattering anisotropy on the 
nanoscale. By incorporating nanophotonic elements with tailored 
anisotropic scattering that control the phase of light refracted from 
different points on the object’s surface, we can realize self-restoring 
mechanical behaviour that is robust to perturbations (Fig. 1c). Thus, 
the macroscale geometry and shape of the object is separable from 
its optical functionality, the latter dictated by the photonic response 
on the nanoscale.

We identify the elementary building-block photonic structures 
required to realize a macroscopic object with self-restoring dynam-
ics in a collimated optical beam. A key property that we seek is asym-
metry in the optical response, which ensures that a restoring torque 
can be generated for a structure that is displaced from its equilib-
rium position or orientation. There are several ways such a response 
can be realized (Fig. 1c, inset), including through (1) superposition 
of scattering from arrays of nanoscale anisotropic scatterers such 
as Mie resonators20,21, (2) phase-gradient metasurfaces, where the 
superposition of scattering phase and amplitude from each resona-
tor element of an optical metasurface enables scattered wavefront 
control, (3) periodic Bloch-wave-type scatterers such as photonic 
crystals22–32 or (4) larger structures described by ray optics33. In this 
work, we focus on generating the desired optical response as a col-
lective effect and develop a class of nanophotonic elements that can 
exhibit passive, self-restoring dynamics (Fig. 2a).

The ability to use subwavelength nanophotonic structures to 
control the refraction of light across a large area creates a distinc-
tive paradigm for optical manipulation. In this manner, many 
of the previously discussed constraints on the shape/focus of the 
incident light or the size/shape/material of the object can be allevi-
ated. Furthermore, this approach can enable functionalities beyond 
what is possible with conventional optical manipulation techniques. 
For example, using high-power laser beams, the radiation pressure 
on the macroscopic structure can be much greater than its weight, 
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leading to levitation or even substantial acceleration. One potential 
domain of application is space flight, including trajectory control 
for next-generation lightweight satellites or propulsion of cosmic 
light sails, where this approach can give rise to passive stability of 
the light-sail structure riding an optical beam34–36. Since this type of 
propulsion does not require fuel to be carried on board the space-
craft, it could enable ultra-fast, even relativistic space-flight speeds 
necessary for scalable space exploration37–44.

results and discussion
The proof-of-concept metasurface elements for passive stabili-
zation (MEPS) are shown in Fig. 2a, where the unit cell consists 
of optical resonators of subwavelength thickness on a thin sub-
strate. We arranged the unit cells in a mirror-symmetric manner 
with respect to the structure’s centre of mass, to eliminate the 
moment and lateral force when the structure is in a symmetric 
equilibrium position (that is, centred on the beam). An important 
feature of an MEPS is the asymmetry of the unit cell; as we will 
show below, this asymmetry ensures that a restoring torque can 
be generated for a structure that is rotated out of its equilibrium 
position. To evaluate the light-induced force on the unit cell of a 
particular structure and dimensions, we collected the intensity of 
light that is scattered into the relevant orders. For a structure of 
period d, the incident light of wavelength λ will refract accord-
ing to λ β θ∕ = −m d sin( ) sin( )m , where θ β, m are the incident angle 
and the refracted angle of order m, respectively. Collecting all 
refracted light, the total pressure (p) that the light exerts on the 
building-block unit cell can be expressed as (see Supplementary 
Information)
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where rm,tm correspond to the (angle-dependent) reflection and trans-
mission coefficients of the relevant orders (see Supplementary Fig. 
3), respectively; I is the (local) beam intensity, c is the speed of light, 
and ex and ez are the unit vectors along the x and the z axis, respec-
tively. Using these expressions, we can evaluate the total force (F) 
and moment (τ) on a composite, mirror-symmetric structure under 
rotation and displacement of its centre of mass away from the axis 
of the Gaussian-shaped laser beam of peak intensity I0 and width w. 
For compactness, these expressions are given in the Supplementary 
Information. We assume that the overall structure has diameter D and 
that both the structure and the beam width are much larger than the 
dimensions of the unit cell, that is, ≫D w d, . Given the total force 
and torque applied by an incident beam, the rigid-body dynamics can 
be expressed as a first-order vector differential equation ∕ =tud d f(u), 
where θ ω= z v x vu ( , , , , , )z x

T is the state vector of the system, and 
ω= θv f v f ff u( ) ( , , , , , ) ,z z x x

T  with the relevant expressions listed in the 
Supplementary Information. Here, we focus on the dynamics in the 
transverse direction, that is, orthogonal to the laser beam. Once self-
restoring behaviour is achieved, the intensity of light, as well as the size 
and the weight of the structure, can be chosen to achieve the desired 
dynamics (for example, levitation, propulsion) along the beam axis.

To design the MEPS, we varied the geometric parameters 
(d x w, ,1,2 1,2) of the unit cell shown in Fig. 2a, seeking to find designs 
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Fig. 1 | engineering optical anisotropy for self-stabilizing manipulation. a,b, Comparing the dynamics of optical manipulation: conventional approaches 
such as optical tweezers (a) use highly focused light beams to generate the gradient force ( ∇F ) that overcomes the radiation pressure/scattering force (Fs). 
This limits the size of the object that can be manipulated ( ≪D L), as well as its position (h ∼ L), relative to the aperture size (L). In contrast, a collimated 
beam (b) can have enough intensity to balance a macroscopic object (D ≈ L) at long distance (for example, ≫h L), but this type of dynamics is inherently 
unstable, with small perturbations introducing destabilizing force/torque. c, Engineering optical anisotropy along the surface of the object could enable 
self-stabilizing mechanical behaviour. This is accomplished with nanoscale metamaterial elements that facilitate asymmetric scattering of light, including 
individual scatterers (for example, Mie resonators) (i), phase-gradient metasurfaces (ii) and photonic crystals (iii); larger elements described by ray optics 
are also an option (iv). This approach could enable long-distance manipulation, levitation and even propulsion of macroscopic objects. Here, large (small) 
red arrows correspond to incident (scattered) light, blue arrows indicate forces/torques on the structure and purple arrows (inset) correspond to light that 
is scattered anisotropically.
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that could exhibit self-stabilization (see Methods). We focus on a 
silicon-on-insulator platform with silicon resonators on a silica 
substrate that could be integrated into lightweight structures exhib-
iting both a high refractive index and ultra-low losses in the infra-
red. These features, for example, could be particularly relevant 
for effective space propulsion/manipulation applications, where 
light weight and mitigation of beam-induced heating are critical. 
Given this, one potential MEPS design can be realized with an 
asymmetric unit cell with d = 1.8 μm, where = . .x x d( ) 0 15(0 75)1 2  
and = . .w w d( ) 0 15(0 35)1 2 . Here, we assume an incident beam of 
λ = 1.5 μm, with out-of-plane (transverse-electric) polarization. 
The thickness of the SiO2 substrate (t) and the height of the sub-
wavelength silicon resonators (h) are chosen to be 0.5 μm. For this 
structure, we calculated the reflection and transmission coefficients  
of various diffracted orders as a function of the incident angle  
(Fig. 2b). By design, we observe a strong asymmetry of refraction 
at normal incidence, as evidenced by the dissimilar magnitudes for 
the ±r 1 and ±t 1 amplitudes. This behaviour persists for larger incident 
angles, stemming from the asymmetric coupling of subwavelength 
silicon structures to light with a positive (θ > 0) or negative (θ < 0)  
lateral wave-vector component. This anisotropic optical response 
is visualized in the bottom inset of Fig. 2b, which shows the mag-
nitude of the electric field for different incident angles. When this 
unit cell design is integrated into the MEPS structure illustrated in 

Fig. 2a, we can infer the total force and torque under light illumina-
tion. Figure 2c shows the parallel and transverse forces, as well as 
the torque, as a function of the tilt/pitch, θtan( ). The shown quanti-
ties are per unit length in the y direction and normalized to units of 

∕I D c0  ( ∕I D c0
2  for torque). We observe that the shape of the torque 

curve—specifically, the functional form with τ θ θ <( )tan 0y —points 
to a self-restoring orientation response.

To characterize the dynamics of a structure under Gaussian 
beam illumination, we numerically evolved in time the equations 
of motion. Figure 3 shows the dynamics for several initial condi-
tions in the propulsion domain, where the radiation pressure domi-
nates over the weight. In Fig. 3a, we assume that the structure is 
initially displaced from the beam axis at time t =0. For this case, the 
centre-of-mass trajectory (Fig. 3a, middle panel) shows a confined 
behaviour in the lateral direction, while the structure is accelerat-
ing parallel to the beam axis. The temporal evolution of the lateral 
displacement and the tilt is shown in the bottom panel of Fig. 3a, 
where the time (abscissa) is normalized in units of = ∕t m c I0 l 0 , 
with ml the mass per unit length (y direction) of the structure (see 
Supplementary Information). As a second example, we analysed 
the case when a structure is initially both displaced (−0.5D) and 
tilted (10%). This is shown in Fig. 3b, and Supplementary Video 1 
shows time evolution of the dynamics for this case. We further per-
formed the sweep over a range of both initial displacements (−0.5D 
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Fig. 2 | MePS. a, Schematic showing symmetry with respect to the centre of mass. Insets show the elementary asymmetric unit cell of period d (and its 
mirror image) consisting of two dissimilar rectangular resonators (widths w1 and w2). b, Reflection (solid) and transmission (dot-dashed) coefficients for 
various diffracting orders as a function of incident angle. Light is transverse-electric polarized (inside inset shows the direction of the electric field E).  
Inset below: normalized electric field (|E|) shows anisotropic optical reponse of the asymmetric unit cell at different incident angles. c, Light-induced force 
(F F,z x) and torque (τy) as a function of percentage tilt/pitch tanθ . Force (torque) is per unit length in the y direction in units of ∕I D c0  ( ∕I D c0

2 ), where ≫D d.  
The shape of τy—specifically, τ θ θ <( )tan 0y —points to a self-restoring response. d, Instability conditions for dynamics near the origin (c1,2,3). For this 
particular design, when w is smaller than ∕ ≈w D 1.1, the dynamics is guaranteed to be unstable.
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to 0.5D) and tilts (−10% to 10%) and observe similar bounded 
dynamics over the analysed timescales ( t103

0). This sweep analysis 
was repeated, with a small amount of white noise (~1% deviation) 
added to the light intensity to mimic potential variations in laser 
power. Again, the observed simulated dynamics remains bounded 
(Supplementary Information). One example of instability is shown 
in Fig. 3c, where the structure starts notably displaced from the 
origin. Although the light-induced force and torque initially direct 
the structure towards the beam’s optical axis, it builds up too much 
velocity to remain confined and is subsequently driven away  
from the beam.

The ability of the structure to stay in the neighbourhood of the 
beam axis is influenced by its size relative to the width of the illu-
minating beam. For the example MEPS design under consideration, 
we can estimate this dependence by examining the elements of the 
Jacobian matrix (see Methods). The requirement that no eigenvalue 
has a positive real part can be recast as a set of three conditions 

>c 01,2,3 , each a function of the ratio of beam width to diameter of 
the structure (w/D). These expressions, given in Supplementary 
Fig. 8, are plotted in Fig. 2d. In particular, for this MEPS design, 
we observe that the condition = − + >θθ θ θc f f f f( ) 4 0xx x x1

2  is vio-
lated when the beam width is smaller than ∕ ≈ .w D 1 1, guaranteeing 
unstable dynamics. We note that this analytical condition is appli-
cable near the origin and that the plotted trends of ci are specific to 
this particular MEPS design. For larger displacements, we resort to 
numerical evaluation of the equations of motion: as one example, 
in Supplementary Fig. 6, we show a map of the beam width and the 
initial displacement (x0) needed to ensure that the tilt of the struc-
ture will not exceed a predetermined tilt threshold over the anal-
ysed timescale. In the Supplementary Information, we show how 
damping can assist with asymptotic stability of motion in the neigh-
bourhood of the beam axis and discuss the relationship between the 
damping coefficients for translation and for rotation.

We note that a single MEPS can generate self-stabilizing dynam-
ics for translations and rotations in one plane. Having established 
the relevant design considerations, we describe one example path-
way for how multiple MEPS could be integrated in a macroscopic 
object to yield self-stabilization with respect to different degrees 
of freedom. Among the many possible ways to combine mul-
tiple MEPS, here we focus on a square-like structure, depicted in  
Fig. 4a and shown in detail in Supplementary Fig. 8. As before, this 
structure maintains symmetry with respect to its centre of mass 
and consists of opposing elements that provide the restoring pitch 
(θ), roll (ϕ) and yaw (ψ) torque. For this configuration, we show 
that combining two different MEPS could in principle be sufficient 
(schematically shown in Fig. 4b). Nanophotonic design of these ele-
ments is dictated by the orientation of the structure relative to the 
polarization of the impinging light. For example, to achieve roll-
restoring behaviour, we designed an MEPS in region B to operate 
for predominantly transverse-magnetic polarization. Similarly, for 
pitch-restoring behaviour, the predominant polarization for region 
A will be transverse-electric polarization. Here, we reused the same 
design from Fig. 2. For region B, we also rotated the elements by an 
angle δ relative to the y axis of the structure. The purpose of this 
rotation was to introduce the ψ-dependence of the torque that is 
self-restoring, leading to yaw torque in the macroscopic structure. 
As such, the macroscopic structure could exhibit polarization-lock-
ing, where its orientation is pinned to the polarization direction of 
the incident light. Correspondingly, the structure could be oriented 
around the beam axis by rotating the polarization of the light beam.

Figure 4c shows light-induced forces and torques as a function 
of the corresponding tilt, given in normalized units of ∕I D c0

2  and 
∕I D c0

3 , respectively. We observe restoring components of the torque, 
namely, τ β β <( )tan 0i  (for =i x y z, ,  and β ϕ θ ψ= , , , respectively). 
We note that τz is noticeably smaller than τx y,  (in part because the 
chosen angle of rotation δ = 10o is small), which limits robustness 
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against yaw displacement. Finally, we evolved the coupled equations 
of motion to show an example response (Fig. 4d) for initial dis-
placement (5% along x,y) and yaw tilt (5%). Here, the correspond-
ing units of time are normalized in units of = ∕t mc I D0 0 . As one 
example of probing some neighbourhood around the equilibrium, 
we sampled possible combinations of displacement = ±x y, 5% and 
tilt ϕ θ ψ = ±, , 5% and observe bounded dynamics over the analysed 
timescale ( t103

0). However, we emphasize that this analysis sampled 
a very small portion of the available phase space and does not imply 
bounded behaviour for parameters or timescales other than those 
considered. The exploration of the ten-dimensional phase space 
of such a rigid body in a light field, as well as identification of the  
basin of attraction, warrant further study in these and other pho-
tonic motifs shown in Fig. 1. Nevertheless, these observations point 
to such integration of MEPS structures as a potential pathway 
towards stability.

Summary and outlook. We have shown that structuring the object’s 
surface on the nanoscale could impart self-restoring behaviour for 
optical manipulation. Among our main results, we find that engi-
neered anisotropy of scattering is required, that a centrally symmet-
ric arrangement relative to the centre of mass is beneficial, and that 
a class of subwavelength elements, consisting of dielectric resona-
tors with an asymmetric unit cell, can impart mechanical stabiliza-
tion when the structure is tilted and/or displaced from the beam 
axis. With such self-restoring behaviour, the light intensity, size 
and weight of the structure can be chosen to achieve the desired 
dynamics (levitation, propulsion) along the axial (z) direction. 
Because mechanical stabilization arises from optical anisotropy 
on the object’s surface and not from focusing the beam, stabiliza-
tion should be achievable over long interaction distances using  
collimated beams.

For proof-of-concept purposes, here we have focused on macro-
scopically flat objects, where the mass distribution is uniform and 
the expressions for moments of inertia are correspondingly simple. 
Nevertheless, as highlighted by our derivations (see Supplementary 

Information), the proposed approach of tailoring the refraction 
of light along the surface via engineered nanostructures could 
also apply to non-planar objects and to objects with non-uniform 
mass distributions. Although we assume ideal conditions, in prac-
tice, there will be damping in the system, either from the environ-
ment or through engineered coupling to mechanical modes of the 
structure, which can assist with asymptotic stability (see the dis-
cussion in Supplementary Information). Similarly, active feedback 
schemes can be incorporated. As a demonstration that this photonic 
manipulation approach does not require high absorption or high 
reflectance, we chose materials with very low loss. Other materi-
als, including metals or semiconductors in the absorbing spectral 
range, could be included, depending on the application. We stress 
that the results presented here are not optimized and are intended 
to showcase the potential of the proposed approach for controlled 
mechanical manipulation.

We envision a number of compelling extensions of this work. As 
one example, the proposed scheme could be used to realize a levi-
tated macroscopic mechanical oscillator, as a unique platform for 
probing quantum and classical optomechanics45 and phase-space 
dynamics46. Here, we focused on the wavelength regime where 
absorption in silicon and silica is minimized. For applications where 
heating effects need to be mitigated, radiative cooling properties of 
silica can be used47. Conversely, a self-stabilizing structure could 
also be used in conjunction with photophoretic effects such as ther-
mal gradients generated by optically induced heating. Manipulation 
techniques based on photophoresis48–52 rely on absorption and envi-
ronmental mediators (for example, gas particles), but could be com-
bined with the proposed approach in gaseous environments for a 
greater degree of dynamic control. Although our work is focused 
on engineering the optical response along the object’s surface, it 
would be intriguing to combine it with a metalens design for struc-
turing the light beam53,54, potentially enabling novel ways of optical 
‘pulling’55,56. Moving away from the rigid-body framework, as well 
as consideration of large displacements or spinning configurations, 
are also relevant directions for future research.
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One potential application of this work is for directed energy 
propulsion in space. The prospects for concepts such as solar- and 
laser-propelled light sails could be advanced by using self-stabiliz-
ing dynamics, in addition to recent ideas behind diffractive optics 
for sailcraft radiation pressure control42,57. Among applications in 
space, it is perhaps most intriguing to consider light sails acceler-
ated by high-power lasers, potentially to ultra-fast velocities40. To 
account for the Doppler shift in such a system, we envision lever-
aging the design principles behind broadband metasurfaces30. 
Ultra-light, ultra-low-loss47 versions of the passively stabilized  
laser-propelled structures could be essential for realizing such auda-
cious applications.
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subsequently used (with linear interpolation in Fig. 3 and grid interpolation in  
Fig. 4) in numerical simulations where the coupled equations of motion are 
evolved in time. In all cases, the impinging laser is assumed to be linearly polarized 
along the y axis. The boundaries of MEPS elements in the larger structure 
are described by the parameter sx, where < <s0 x

1
2 . In the example shown in 

Fig. 4, regions A and B occupy the same area ( = ∕s 1 4x ), with dB = 1.775 μm, 
= . .x x d( ) 0 15(0 75)B B B

1 2 , = . .w w d( ) 0 125(0 25)B B B
1 2 , δ = 10°, hB = 0.45 μm and w = 2D. 

There is a uniform substrate layer (t = 0.5 μm) of silica. Because of the nature of 
the coupled equations of motion in the absence of damping, linearization can be 
used to indicate instability, but not to draw conclusions about stability. As such, 
the observed restoring behaviour may not apply for parameters or timescales other 
than those considered here. Although the considered timescales are finite, we 
observe that the structure can traverse > D106  distance in the direction of the beam 
while staying in the vicinity of the beam axis. Introducing damping (as discussed 
in the Supplementary Information) is a way to facilitate asymptotic stability for 
motion near the beam axis.

Data availability
The data that support the plots within this paper and other findings of this study 
are available from the corresponding author upon reasonable request.

Methods
All numerical electromagnetic simulations were performed using the finite-
element-method solver COMSOL Multiphysics (http://www.comsol.com). For 
materials analysed in this work, we assume indices of refraction of n = 3.5 for 
silicon and n = 1.45 for silica at the applicable wavelength of interest. Periodic 
boundary conditions were applied to the unit cell boundaries, and the incident 
electromagnetic field was linearly polarized. To find candidate MEPS designs, 
we varied the unit cell parameters: the unit cell size and the positions, widths and 
height of the silicon resonators. For simplicity, we restricted the search space to 
structures that support only = ±m 1 non-zero orders. The presence of positive 
eigenvalues in the Jacobian matrix for system dynamics indicates instability. Here, 
we sought designs that avoid guaranteed instability, as a means of identifying 
candidate structures whose restoring behaviour is probed, over a certain timescale, 
by numerically evolving the equations of motion (see Supplementary Information).

For a given design, the direction of the incident field was varied accordingly, 
and the forces and torques were evaluated and stored. The unit cell pressure 
can either be evaluated by collecting the relevant orders (equation ( 1)) or by 
integrating the Maxwell stress tensor around the unit cell. In the Supplementary 
Information, we compare the two approaches and find excellent agreement. For 
Fig. 2, the incident field variation is the rotation along a single axis; for Fig. 4, the 
variation is simultaneously over all three Euler angles. Force/torque values were 
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