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A review on optical torques: from engineered
light fields to objects
Tao He1,2,3,4,5, Jingyao Zhang1,2,3,4,5, Din Ping Tsai6*, Junxiao Zhou6,
Haiyang Huang1,2,3,4,5, Weicheng Yi1,2,3,4,5, Zeyong Wei1,2,3,4,5, Yan Zu7*,
Qinghua Song8, Zhanshan Wang1,2,3,4,5, Cheng-Wei Qiu9*,
Yuzhi Shi1,2,3,4,5* and Xinbin Cheng1,2,3,4,5*

In recent decades, optical micro/nano manipulation has made remarkable strides in the fields of biology and the physical
sciences, benefiting from both theoretical and experimental advances in optical forces. The emergence of optical torques
has further  enhanced the capabilities and possibilities of  optical  micro/nano manipulation,  opening the door  to  exciting
new  applications.  In  this  review,  we  delve  into  the  fundamentals  and  recent  breakthroughs  in  the  realm  of  optical
micro/nano manipulation using optical torques. We introduce the advancements in optical manipulation based on optical
torques from engineered light fields and objects, and highlight the latest developments in applying optical torques to cut-
ting-edge  physical  and  biological  scenarios,  with  a  special  emphasis  on  the  detection  and  manipulation  of  biological
structures. Finally, we conclude by outlining our vision for the current and future directions of this field, including the inte-
gration of optical torque and micro/nano technologies, the utilization of special light fields, and the development of deep-
learning-assisted optical torque design.
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 Introduction
Optical  force  arises  when  there  is  an  interchange  of  the
momentum  between  light  and  matter.  Optical  forces
have achieved great achievements in the fields of physics,
chemistry, biology, medicine, and nanotechnology in the

past  few  decades1−6.  For  instance,  Steven  Chu,  Claude

Cohen-Tannoudji, and William D. Phillip were awarded

the  Nobel  Prize  in  Physics  in  1997  for  their  work  on

atom cooling  using  lasers2.  Arthur  Ashkin  was  awarded

the  half  the  Nobel  Prize  in  Physics  in  2018  due  to  the 
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invention  of  optical  tweezers  (OTs)  and  his  contribu-
tions to  biomedical  applications3,4.  Besides,  it  also facili-
tates  the  trapping,  sorting,  transport,  and  assembly  of
micro/nanoparticles or cells in a contact-free manner7−11.

Light  carries  both  linear  and  angular  momenta12−14.
The  angular  momenta  consist  of  the  spin  angular  mo-
mentum (SAM) and orbital angular momentum (OAM).
Both  of  them,  when  transferred  to  particles,  can  gener-
ate an optical  torque15−21.  In most cases,  the direction of
the optical torque is aligned with the direction of the in-
cident angular momentum, which is called a positive op-
tical torque (POT)18−20. Counterintuitively, when the mo-
mentum direction of the optical torque is opposite to the
direction  of  the  incident  angular  momentum,  it  is  re-
ferred  to  as  a  negative  optical  torque  (NOT)22−24.  As

shown in the central schematic of Fig. 1, the SAM of the
incident  light  field  rotates  counterclockwise.  A  particle
experiencing POT rotates counterclockwise, in the same
direction as the SAM, while a particle experiencing NOT
rotates  clockwise.  When the incident light  has no angu-
lar momentum, it is generally not distinguished whether
the  optical  torque  is  positive  or  negative.  In  recent
decades, there has been significant attention directed to-
wards  POTs  and  NOTs  due  to  their  unique  capabilities
in  optical  manipulation25−27,  which  are  unattainable  by
conventional optical forces.

In 1909, Poynting found that circularly polarized light
has SAM13 (Fig. 2).  Beth directly detected and measured
optical  torque  by  observing  the  deflection  of  a  quartz
wave  plate  when  polarized  light  carrying  SAM  was

 

POT

Meta-field

M
eta-robot

Chiral object

Particle cluster

Birefringent crystal

Core-shell particle

Metasurface

NOT

Objects

OAM

SAM

Metalens

Light fields
Be

am
 w

ith
 p

ha
se

 g
ra

die
nt

Elliptically polarized light

Fig. 1 | Schematic  illustration  of  various  implementations  for  the  POT  and  NOT.  These  implementations  are  categorized  into  two  primary  ap-

proaches: manipulation of incident light fields and control of the objects themselves.
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incident upon it28.  A widely used method introduced by
Allen et al. is to employ carefully arranged beams carry-
ing  OAM  to  generate  the  optical  twist  required  by
POTs14. Subsequently, through the transfer of optical an-
gular  momentum,  a  series  of  studies  further  expanded
the  experimental  approaches  for  realizing  optical
torques29−32.  Oroszi  et  al.  proposed  an  optical  trapping
method that provides the opportunity to exert and mea-
sure optical torque on the manipulated molecule33. Tong
et al. further demonstrated alignment and rotation of in-
dividual  plasmonic  nanostructures  with  lengths  from
tens of nanometers to several micrometers using a single
beam  of  linearly  polarized  near-infrared  laser  light34.  In
back-to-back studies in 2018, Reimann et al. and Ahn et

al.  demonstrated  the  rotation of  nanoparticles  and nan-
odumbbells  in  vacuum  at  frequencies  exceeding  1
GHz35,36.  It  is  generally  believed  that  symmetric  objects
can  solely  undergo  rotation  through  absorption  optical
torque,  whereas  scattering  torque  applies  exclusively  to
asymmetric objects37. However, Toftul et al. revealed that
the  angular  momentum imbalance  between the  fields  at
the  fundamental  and  second  harmonic  frequencies  can
lead to an optical torque, showing that a negative optical
torque can arise even for nonabsorptive dielectric struc-
tures  with  a  rotational  symmetry38.  Optical  torques  can
also  be  generated  by  incident  light  without  angular
momentum, through the specific optical responses of the
object,  such  as  the  intrinsic  or  mimicked  anisotropy  of
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Beth directly detected and measured optical torque via the transfer of SAM.

Allen et al. introduced the concept of OAM of light.

He et al. observed the rotation of particles trapped by OTs in a light field with OAM.

Friese et al. demonstrated rotation of microscopic
birefringent particles via the transfer of SAM.

Liu et al. experimentally exerted a NOT
on a nanoscale plasmonic motor.

Poynting found that circularly polarized light has SAM.

Higurashi et al. demonstrated optically induced
rotation of anisotropic micro-objects.

Paterson et al. demonstrated controlled rotation
of trapped micro-objects via the transfer of OAM.

Oroszi et al. measured the torsional stiffness of DNA.

Tong et al. demonstrated alignment and rotation of
plasmonic nanorods.

Reimann et al. and Ahn et al. demonstrated GHz-level
rotation of nanoparticles and nanodumbbells in vacuum.

Toftul et al. demonstrated that a nonlinear negative optical torque
can arise even for nonabsorptive structures with rotational symmetry.

Wu et al. found that the incident beam without SAM can
generate a controlled optical torque after focusing.

λ
λ

λ
Optical axis

P

M

EQ

DNA
Plastic surface

T∑=Tω+T2ωTω

T2ω

Fundamental
field (ω)

Second harmonic
field (2ω)

Total torque

E

k

Fig. 2 | Roadmap for the development of optical torques. The discovery of SAM in circularly polarized light was made13.  Beth directly detected

and measured optical torque via the transfer of SAM28. Allen et al. introduced the concept of OAM of light14. The optically induced trapping and ro-

tation of  anisotropic micro-objects fabricated using reactive ion-beam etching were demonstrated29.  He et  al.  observed the rotation of  particles

trapped by OTs in a light field with OAM30. Friese et al. demonstrated light-induced rotation of microscopic birefringent particles via the transfer of

SAM from light  to  the material.  Adapted with  permission from ref.31,  1998 Springer  Nature.  Paterson et  al.  demonstrated controlled rotation of

trapped micro-objects via the transfer of OAM. Adapted with permission from ref.32, 2001 American Association for the Advancement of Science.

Oroszi et al. measured the torsional stiffness of DNA using optical torque. Adapted with permission from ref.33, 2006 American Physical Society.

Tong et al. demonstrated alignment and rotation of individual plasmonic nanostructures with lengths from tens of nanometers to several microme-

ters using a single beam of linearly polarized near-infrared laser light. Adapted with permission from ref.34, 2010 American Chemical Society. A

NOT was experimentally observed in a nanoscale plasmonic motor. Adapted with permission from ref.42, 2010 Springer Nature. Reimann et al.

and Ahn et al. drove the rotation of nanoparticles and nanodumbbells in vacuum at frequencies exceeding 1 GHz. Adapted with permission from

ref.35,36,  2018 American Physical Society. Toftul et al.  demonstrated that a nonlinear negative optical torque can appear for the case of nonab-

sorptive dielectric structures with a rotational symmetry. due to the excitation of resonant states at the harmonic frequency with higher projection

of angular momentum. Adapted with permission from ref.38, 2023 American Physical Society. Wu et al. found that an incident beam without SAM

can generate a controlled optical torque after focusing. Adapted with permission from ref.39, 2024 American Physical Society.
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the  material.  Recently,  controlled  spinning  of  the  bire-
fringent  microparticles  has  been  demonstrated  using  a
tightly focused radially polarized vortex beam, which ex-
hibits  no  SAM  prior  to  focusing39.  The  rapid  develop-
ment  of  nanophotonics  has  opened  up  new  opportuni-
ties for studying optical  torque,  particularly through the
directional design of light fields and artificial objects40,41.
Key  developments  and  milestones  in  optical  torque  are
highlighted in the roadmap in Fig. 2.

Since the theoretical proposal of NOT43,  it  has greatly
extended  the  understanding  of  the  interaction  between
light and matter in the field of opto-mechanics. Actually,
symmetry  has  proved  to  be  of  considerable  importance
in realizing NOTs. NOTs can be achieved and enhanced
by  manipulating  the  incident  light  fields44,45 or  the  ob-
jects25,46. For example, NOTs have been observed in vari-
ous  mesoscopic  systems47,  including  particle  clusters25,
chiral  particles48,  meta-robots42,  triangular  prisms26 and
so on.  To the best  of  our knowledge,  despite  the optical
torques  have  played  a  significant  role  in  many  physical
and biological applications, there is a lack of comprehen-
sive  review  articles  on  the  advancement  of  optical
torques, which hinders the further exploration.

In this paper, we will revisit the basic theory of optical
torques first, including the generation conditions of POT
and NOT. Subsequently,  the advances and emerging di-
rections of optical torques via distinct light fields and ob-
jects  are  summarized  (Fig. 1).  At  last,  we  introduce  the
fascinating  applications  of  optical  torques  and  cast  our
perspectives on the potential future directions.

 Fundamentals of optical torques

ℏ

Light  carries  both  linear  momentum  and  angular  mo-
mentum,  the  latter  comprising  SAM162 and  OAM14,49.
SAM is related to the polarization state of light; for circu-
larly  polarized  light,  each  photon  carries  spin  angular
momentum of ±ħ. OAM can be divided into intrinsic or-
bital  angular  momentum  (IOAM)  and  extrinsic  orbital
angular  momentum (EOAM).  EOAM is  associated with
the trajectory of  the beam, while  IOAM originates  from
structured beams with helical phase fronts characterized
by  a  topological  charge l,  carrying  orbital  angular  mo-
mentum of l .

When the angular momentum of the light field trans-
fers to a particle, an optical torque is exerted on the par-
ticle.  The  optical  torque  acting  on  particles  of  arbitrary
size and shape can be expressed as26: 

M =
z
S
(r×←→T ) · n̂dS , (1)

←→T
n̂

where  is the time-averaged Minkowski stress tensor,
r is  the  position  vector,  is  the  unit  normal  vector  on
the  closed  surface S enclosing  the  object.  This  formula
includes contributions from both SAM and OAM to the
optical torque.

To  clearly  express  the  components  of  the  torque,  we
consider an object with ms-fold rotational symmetry illu-
minated by light. The z-component of the optical torque
exerted on the object can be written as22: 

Mz =
∑
mi

mi

ω
W(mi)

ext −
∑
m

m
ω
W(m)

sca , (2)

W(mi)
ext

ℏ

W(m)
sca

where ω is the angular frequency of light. Here, mi repre-
sents  the  azimuthal  channels  of  the  incident  waves,  and

 is  the  energy  extinction  rate  for  incident  wave
from  channel mi.  Each  of  the  photons  from  channel mi

carries mi  of angular momentum, including both OAM
and  SAM. m represents  the  azimuthal  channels  of  the
scattered  waves,  written  as m = mi + nms,  where n =  0,
±1, ±2, …. And  is the energy extinction rate for in-
cident wave from channel m.

The  first  term on the  right  side  represents  the  rate  at
which  the  object  acquires  angular  momentum  from  the
incident wave, while the second term accounts for the re-
coil. The first term depends only on the angular momen-
tum of the incident waves and always aligns with the in-
cident  wave's  angular  momentum  direction.  It  is  com-
monly referred to as POT. The second term depends on
both the incident waves and the particle’s properties.  Its
sign and magnitude, determined by m, can lead to inter-
esting  phenomena.  If  the  negative  contribution  (m >  0)
dominates,  causing  the  second  term  to  exceed  the  first,
the optical torque Mz will be in the opposite direction to
the incident wave, referred to as the NOT. The sign and
magnitude of m can be controlled by factors such as the
light fields and the object's properties, including its mate-
rial,  shape,  size,  etc.  The classification of optical  torques
into POT and NOT is  of  great  significance,  as  it  reveals
the  distinct  underlying  physical  mechanisms  and  helps
identify  the  origin  of  optical  torques.  POT  is  usually
dominated by the direct transfer of the angular momen-
tum  from  the  incident  wave,  whereas  NOT  reflects  a
more  complex  redistribution  of  angular  momentum,
where  the  torque  direction  may  reverse  due  to  factors
such as  the particle's  shape,  size,  material,  or  multipolar
scattering effects.  Distinguishing and analyzing the gen-
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eration  conditions  and  mechanisms  of  POT  and  NOT
contributes  to  a  deeper  understanding  of  angular  mo-
mentum  regulation  in  light–matter  interactions.  And
provides  a  theoretical  foundation  for  developing  novel
optical  micromanipulation  strategies  and expanding  the
application of optical torques.

≪
When the  particle  diameter  is  much smaller  than  the

wavelength  (d  λ),  it  can  be  approximated  as  a  point
dipole. In this case, the optical torque mainly arises from
the  interaction  between  the  external  electromagnetic
field and the dipole. Based on the classical dipole model,
the optical torque can be expressed as26: 

M =
1
2
Re (d∗e × E+ d∗m ×H) , (3)

d∗e d∗m

de = αeE, dm = αmH

where E and H are  the  complex  electric  and  magnetic
fields, and  and  are the complex electric and mag-
netic  dipole  moments  respectively,  given  by

.
For  Mie  particles  whose  sizes  are  comparable  to  the

wavelength,  the  optical  torque  becomes  more  complex,
requiring  multipole  expansion  analysis  of  angular
momentum  transfer  and  optical  torque  within  Mie
resonances50,51.

 Positive optical torques
Optical torque is a fundamental consequence of an opti-
cal  force  with  respect  to  some  reference  points.  Optical
torque is induced when the angular momentum is trans-
ferred from the light field to an object52,53. Therefore, the
properties  of  the  light  field  and  the  object  are  the  most
significant  factors  that  influence  the  optical  torque54.  In
the early stage, light beams carrying angular momentum
have been widely utilized to rotate a microscopic particle
directly30, which is referred to as "optical spanners"55. Lat-
er,  complex vector beams and particles with custom-de-
signed optical properties are employed to investigate the
generation and properties of optical torques21,56.

 Positive optical torques induced by diverse light
fields
Both  SAM  and  OAM  can  transfer  to  particles,  generat-
ing optical torques that drive rotational motion57−59. SAM
arises  from the  polarization  state  of  light.  In  1936,  Beth
experimentally demonstrated that photons with left- and
right-handed circular polarization possess SAM of oppo-
site signs28. When circularly polarized light interacts with
a  microscopic  particle  that  absorbs  or  scatters  light,  the

conservation of angular momentum induces the particle
to spin around its own axis. Rayleigh nanoparticles with
absorption  can  be  captured  within  a  single  highly  fo-
cused  Gaussian  beam  and  undergo  a  rotational  motion
by the action of SAM17.  Metal nanowires also rotate at a
certain  angular  frequency  harnessing  the  SAM  transfer
of  circularly polarized light34.  The rotation speed largely
depends on the optical  properties of  the objects  and the
viscosity  of  the  liquid  environment,  as  well  as  the  laser
power. As illustrated in Fig. 3(a), gold particles with radii
of  approximately  200  nm  can  achieve  rotation  frequen-
cies  in  the  kilohertz  scale60.  The  high  rotation  frequen-
cies  are  attributed  to  the  synergistic  effects  of  advanta-
geous optical properties of the particles and the reduced
local  viscosity  resulting  from  significant  heating  of  the
particle's surface layer. This unique feature has paved the
way for diverse applications in the realms of physics and
biology,  such as  microfluidic  stirring34,  torque  measure-
ment33. Interestingly, although absorption has been con-
sidered  the  primary  mechanism  for  generating  optical
torque,  Lee  et  al.  demonstrated  that  the  contribution  of
scattering  can  be  enhanced  to  80%  through  multipolar
plasmon  resonances61.  This  scattering-dominated  opti-
cal  torque  is  accompanied  by  distinct  modes,  which
should  be  distinguished  from  absorption-dominated
mechanisms. This discovery can be applied to nanoscale
optical manipulation as well as the novel design of meta-
material  structures.  For  example,  the  single  plasmonic
nanorods  can  be  rotated  at  a  speed  reaching  up  to  43
kHz through optical torques dominated by scattering62.

OAM, conversely,  stems from the spatial phase struc-
ture  of  light,  such as  that  present  in  a  helical  LG mode,
can  apply  non-conservative  optical  forces  on  the
particle14, driving it to orbit around the beam's propaga-
tion axis. More than 30 years ago, Allen et al. introduced
the  groundbreaking  concept  that  light  beams  can  pos-
sess  an  additional  angular  momentum  independent  of
the  photon  spin14.  This  extraordinary  angular  momen-
tum  is  OAM  which  is  characterized  by  an  azimuthally
varying  phase7,63,64.  Shortly  thereafter,  the  transfer  of
OAM from a laser mode to a trapped particle was experi-
mentally  demonstrated,  showing  that  OAM  could  in-
duce the rotation of absorptive particles55. Paterson et al.
introduced a general scheme for rotating trapped micro-
objects  by  rotating  the  pattern  generated  by  interfering
an  annular  shaped  laser  beam  with  a  reference  beam.
And the rotation of  the pattern is  achieved by changing
the optical path length32. Structures such as silica micro-

He T et al. Opto-Electron Sci  4, 250014 (2025) https://doi.org/10.29026/oes.2025.250014

250014-5

 

https://doi.org/10.29026/oes.2025.250014


spheres,  microscopic glass rods,  and chromosomes have
been successfully set into rapid rotation with frequencies
exceeding 5  Hz.  This  technique is  universally  applicable
to particles of various shapes, making it of significant im-
portance  for  applications  such  as  biotechnology57 and
other  areas10,65.  Using  a  single  gold  plasmonic
Archimedes spiral, Tsai et al. engineered plasmonic near
fields into a plasmonic vortex for isotropic dielectric mi-
croparticle rotation66. Apart from dielectric particles, the
optical  manipulation  of  metal  particles67−69 holds  great
promise for the development of plasmonic lab-on-a-chip
systems37,58,70. A 400 nm gold nanosphere was driven by a
Laguerre-Gaussian(LG) beam to perform an orbital rota-
tional motion with a radius of 2 μm at a frequency of 86
Hz71. As shown in Fig. 3(b), a study conducted by Yan et
al. demonstrated that the OAM of photons in LG beams
can induce rotation of single silver (Ag) nanowires with
lengths  of  over  10  μm,  which  is  governed  by  plasmonic
interactions of the Ag nanowires with light beams72. Fur-
thermore,  the  rotation direction of  the  nanowire  can be
reversed from clockwise  to  anticlockwise  by varying the
topological charge from positive to negative.

The  interplay  and  interconversion  between  SAM  and
OAM  reflect  the  spin-orbit  interaction  (SOI)  of  light.
SOI  couples  SAM  and  OAM,  enabling  conversion  be-

tween  them73.  Allen  et  al.  observed  that  paraxial  beams
with  cylindrical  symmetry  exhibit  a  well-defined  total
angular momentum per unit energy flux14, which can be
decomposed  into  orbital  and  spin  components.  This
characteristic may be an artifact of the paraxial approxi-
mation.  However,  in non-paraxial  beams,  near-field op-
tics,  and  complex  structured  light  fields,  this  separation
is  not  always  straightforward74,75.  An analysis  of  angular
momentum  flux  is  used  to  account  for  various  compo-
nents  in  non-paraxial  beams76,77.  The  interaction  be-
tween SAM and OAM creates new opportunities for op-
tomechanical  effects  and  optical  manipulation,  includ-
ing the ability to trap and rotate objects78−81. A typical ex-
ample  of  the  spin-orbit  angular  momentum  interaction
of  light  occurs  when  a  non-paraxial  light  beam  is  fo-
cused by a high numerical aperture lens or scattered by a
microscopic particle. In such cases, the SOI significantly
influences the distribution of the optical field82−86. Focus-
ing a beam not only causes a mixing of angular momen-
tum  components  in  a  beam  carrying  both  spin  and  or-
bital angular momenta, but it can also lead to the genera-
tion  of  OAM  in  a  beam  that  initially  possesses  only
SAM87,88,  and vice versa89.  For instance,  when a strongly
focused  beam  with  circular  polarization  is  used,  SAM
can be  converted  into  OAM in  non-paraxial  fields90.  By
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focusing optical vortex beams with circular or radial po-
larization,  which inherently  carry  both SAM and OAM,
non-axial  spinning  and  orbiting  motion  of  absorptive
particles can be achieved. Such a particle can be trapped
at  the  circle  of  maximum  intensity91,92,  where  it  experi-
ences  transverse  spin  torque  along  the  azimuthal  direc-
tion,  longitudinal  spin  torque,  and  orbital  torque,  as  il-
lustrated in Fig. 3(c). By utilizing the optical orbital Hall
effect  to  regulate  the  spin  angular  momentum  density
distribution in the focused field, Wu et al. introduced the
orbital  angular  momentum  superposition  state  into  the
incident  radially  polarized  light,  and  effectively  con-
trolled  the  radial  separation between the  two spin  com-
ponents39.  This  enables  the  localized  transfer  of  SAM
from the focused field to microscopic particles, ultimate-
ly  achieving  controllable  rotational  manipulation  of  the
particles.  Besides,  the  transverse  spin  in  evanescent
waves  represents  a  unique  manifestation  of  the  SOI  of
light, independent of geometric phases. In an evanescent
wave,  light  propagating  along  the z-axis  generates  both
SAM  and  OAM,  which  are  locally  coupled.  This  cou-
pling  results  in  the  Mie  particle  being  simultaneously
pushed and rotated93.

The  use  of  light  beams  with  angular  momentum  for
controlling particle rotation is of great interest due to its
potential  applications.  A  typical  approach  to  generating
laser beams that carry SAM or OAM is using various op-
tical waveplates or spatial light modulators94,95, leading to
a bulky volume. In recent years, metasurfaces which con-
sist  of  planar  meta-atoms  with  specific  order  have  been
introduced to generate complex light  fields96−100,  such as
Bessel  beam101,  Airy  beam102,  holographic  light  field103

and so forth104, in a compact way. An emerging direction
to manipulate objects by optical forces involves the meta-
field105,106,  which means engineering light field via meta-
surfaces107−109.  The  simplest  example  is  particle  manipu-
lation based on a metalens110,111.  Thanks to the polariza-
tion-sensitive characteristic of metasurfaces, the position
of the particle can even be controlled by the polarization
of the incident light, which is a challenge for convention-
al OTs112.  Furthermore, it was demonstrated that optical
vortex metalens  based on geometric  PB phase  can drive
polystyrene  microbeads  in  a  rotational  movement  by
generating  OAM113,  as  shown  in Fig. 3(d).  By  utilizing
geometric  and  dynamic  phases,  high-numerical-aper-
ture  focal  spot  with  coaxial  vortex  was  achieved,  en-
abling the integration of OTs and optical spanners into a
single  metasurface114.  The  versatility  of  the  metasurface

significantly  simplifies  the  system,  which  has  potential
applications  in  next-generation  compact  optical-manip-
ulation  devices.  Although  rotation  manipulation  based
on far-fields has proven highly successful,  the near-field
configuration115 allows for manipulation and trapping of
objects at the nanoscale. Wang et al. demonstrated a ro-
tation of a nanoparticle with a diameter of 110 nm near a
plasmonic  metasurface  by  exciting  its  plasmonic  dipole
resonance116.  The  rotation  can  be  realized  by  changing
the  polarization  of  the  incident  linear  polarization  light
or  through  the  momentum  exchange  of  the  circularly
polarized light.

 Positive optical torques exerted on diverse objects
Alternatively,  there are additional  methods to exert  effi-
cient optical torque on objects and induce their rotation.
For  example,  anisotropic  objects  like  birefringent  crys-
tals can be rotated using laser beams without the angular
momentum.  The  calcite  CaCO331,  quartz  SiO2117,118,  ru-
tile TiO2119,120 and so on are the most popular choices to
induce  optical  torques.  Arita  et  al.  rotated  nanovaterite
crystals make of CaCO3 with a radius of 423 nm at a fre-
quency  of  4.9  kHz in  heavy  water.  Vaterite  is  a  positive
uniaxial birefringent material, which may change output
polarization  and  thus  the  SAM present  in  the  circularly
polarized incident light,  leading to rotation of  the parti-
cle92.  Rutile  TiO2 possesses  the  highest  birefringence
among  all  naturally  occurring  dielectric  crystals,  with  a
birefringence  value  approximately  29  times  larger  than
that  of  quartz  SiO2.  This  exceptional  property  opens  up
the potential for attaining higher optical torques in opti-
cal  manipulation  applications121.  As  shown  in Fig. 4(a),
Ha et al. demonstrated that rutile TiO2 nanocylinders ex-
hibit  an  exceptional  efficiency  as  torque  transducers  in
aqueous environments122.  Significantly,  they achieve this
by  utilizing  moderate  laser  powers  to  apply  nN·nm
torques at  kHz rotational  frequencies on tightly trapped
particles. The capability facilitates measurements on sys-
tems  that  encompass  a  wide  range  of  torque-speed
regimes,  including  the  bacterial  flagellar  motor123.  Opti-
cal  torque is  not  only  an effective  tool  for  manipulating
nanometer-scale  objects  but  also  an  advanced  tool  for
larger objects with sizes of several wavelengths124.

Although birefringent particles have been manipulated
in various ways, the magnitude of optical torques induced
in  birefringent  particles  is  not  large  enough.  For  this
reason,  nanoscale  core−shell  particles  were  proposed  to
enhance the optical torques originating from the overlap
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of  trapping  wavelength  and  plasmonic  resonance
region125.  As  shown  in Fig. 4(b),  Sun  et  al.  investigated
optical  torques  exerted  by  both  linearly  and  circularly
polarized  Gaussian  beams  on  three  types  of  eccentric
spherical  core−shell  nanoparticles  with  different  shells,
showing  that  they  can  generate  considerable  optical
torques126.  Under  a  moderate  illumination  power  of  20
mW,  the  eccentric  spherical  core−shell  particle
(Au@SiO2) whose diameter is only 180 nm can be rotat-
ed at a frequency over 800 Hz, which is hard to do with
currently used birefringent particles under the same con-
dition.  The rotational  speed of  birefringent  particles  are
limited  by  the  diameter127,  embedded  environment128,

laser power60,  heating effect92 and so on. The rapid rota-
tion  of  nanometric-sized  objects  is  of  important  poten-
tial  applications  in  areas  of  levitated  optomechanics129

and biophotonics130,131.
Previous  researches  mainly  focused  on  the  optical

torques exerted on objects composed of naturally occur-
ring materials. When optical responses of objects can be
designed at will, more fascinating phenomena and intri-
cate  manipulations  are  anticipated  to  arise.  Recently,
metamaterials  and  metasurfaces132 with  artificially  de-
fined  optical  responses  have  caused  an  upsurge  in  opti-
cal  committee  and  gradually  began  to  be  applied  to
investigate  optical  forces133.  As  shown in Fig. 4(c),  Tang
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et al. proposed a multilayer metamaterial134 consisting of
Nb2O5 and SiO2. By changing the filling ratio, the meta-
material  emulates  a  negative  uniaxial  birefringence  and
the value of the birefringence can be fixed anywhere be-
tween  its  minimal  and  maximum  value.  The  optical
torques  induced  on  multilayer  metamaterial  particles
make the long axis consistent with the direction of laser
beam  propagation134.  It  was  also  demonstrated  that  the
multilayer  metamaterial  particles  with  higher  material
filling ratios exhibited big rotational speed, at  speeds up
to  ~5  kHz  in  water.  Besides,  the  highest  torques  (~16
nN·nm) were  obtained when the  filling  ratios  were  low.
Notably, the maximal torques are 2 times larger than that
for  rutile  TiO2 nanocylinders.  Besides,  other  types  of
metamaterials  such  as  hyperbolic  metamaterials  also
shine in the field of optical torque manipulation for their
designable optical properties115,135.

With  the  enhancement  of  optical  forces  and  torques
exerted  on  metamaterials  and  metasurfaces,  researchers
are  now  exploring  methods  to  achieve  directional  mo-
tions  in  meta-structures136,137,  giving  rise  to  the  concept
of  a  "meta-robot"138,139.  In  2021,  Andrén  et  al.  demon-
strated a microscopic metavehicle by utilizing the unidi-
rectional  scattering  of  optical  metasurfaces140.  The
metavehicle  can  move  forward  and  turn  to  the  right  or
left.  The  ability  to  turn the  metavehicle  comes  from the
torque induced by the spin momentum exchange of cir-
cularly  polarized  light.  The  torque  is  in  the  same  direc-
tion as the handedness of the incoming circularly polar-
ized light.  While the metavehicle  introduces a  novel  ap-
proach  to  motion  control,  its  actuation  was  restricted
due to the fact that turning was consistently coupled with
forward  translation  at  a  fixed  radius.  As  shown  in Fig.
4(d), Wu et al. exhibited a microdrone consisting of four
plasmonic nano-antenna that can be maneuvered by two
overlapping  unfocused  light  fields  of  830  and  980  nm
wavelength in three independent degrees of freedom in-
cluding  left  and  right,  up  and  down,  clockwise  and
counter-clockwise  motions141.  By  manipulating  the  total
power and polarization states (S0 and S3,  respectively, as
described by  the  Stokes  parameters),  one  can effectively
apply the desired force and torque to maneuver the mi-
crodrone  with  a  precision  control.  This  microdrone
could serve as  a  new experimental  platform for tremen-
dous  biomedical  applications142,  nanomanipulation8 and
solar  sails143.  To  further  enhance  the  capabilities  of  mo-
tion  control,  there  is  a  need  for  further  exploration  in
achieving  arbitrary  motion  states  in  three-dimensional

space144.
In  addition  to  rotational  speed,  the  rotation  of

nanoparticles  at  subwavelength  scales  is  also  attractive
due  to  its  significant  applications32,145 in  optical  micro-
machines  and  biotechnology.  Qin  et  al.  achieved  stable
orbital  rotation  at  deep  subwavelength  scales146,  with  a
record-small  orbital  radius  of  71  nm,  far  beyond  the
diffraction limit. This achievement was based on nonlin-
ear optical effects rather than sub-diffraction focusing, as
depicted in Fig. 4(e).

 Negative optical torque
Optical force and torque are two similar optical means in
manipulating matter  opto-mechanically.  Analogy to op-
tical  pulling  force147,  NOT  can  be  considered,  to  a  cer-
tain  extent,  as  the  angular  counterpart  of  the  optical
pulling force, but the conditions for their realization dif-
fer148.  In  fact,  NOTs  are  ubiquitous  as  they  can  be  real-
ized  under  the  illumination  of  various  types  of  laser
beams149 or light fields45 and in many structures42,150, such
as  transparent  structures,  weakly  absorptive  structures,
chiral particles, meta-robots and so on.

 Negative optical torques induced by diverse light
fields
Since  the  numerical  prediction  of  NOT was  proposed43,
formular  innovations  about  NOT were  reported  in  suc-
cession22,48,151,152.  Hakobyan et  al.153 proposed an indirect
approach to demonstrate the NOT by analyzing the me-
chanical action of matter on light. This approach was im-
proved  by  directly  analyzing  the  mechanical  action  of
light  on  matter154.  The  NOTs  were  demonstrated  in  an
experiment  with  circularly  polarized  Gaussian  light
beams by the use of  an inhomogeneous and anisotropic
transparent  macroscopic  medium153,154.  It  is  worth  not-
ing that it is not a NOT by reversing the direction of an-
gular momentum because the sign of optical torque still
follows the direction of the incident angular momentum.
In  order  to  facilitate  the  experimental  observation  of
NOTs, it is typically necessary to capture the object first.
Light  with  intensity  gradient  is  usually  used  to  simulta-
neously  control  the  position  and  rotation  of  objects155.
However, the tightly focused laser beam with a high laser
power is not friendly to biological applications for its in-
evitably  strong  heating  effects.  To  avoid  this  issue,  an
easy question to ask is, when there is no intensity gradi-
ent  in  the  light  field,  can an object  still  be  controlled  in
both  position  and  rotation?  To  answer  this  question,
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Nan  et  al.  demonstrated  a  stable  optical  trapping  and
switchable  optical  rotation  of  nanoparticles  under  light
fields  with  programmed  two-dimensional  phase  gradi-
ents44. By only modulating the phase gradients, the opti-
cal  torque  magnitude  and  rotation  direction  can  be
switched as shown in Fig. 5(a). The phase gradient serves
as a  switch to change the rotation direction of  the array
of  nanoparticles  that  rotate  under  the  action  of  optical
torque arising from circular polarization. Such torque re-
versal  originates  from  the  scattering  of  light  among  the
particles and the interference between the scattered light
from  different  particles.  And  the  total  optical  torque  is
highly sensitive to the geometry of the cluster. The com-
bination  of  tailored  phase-gradient  forces  and  optical
torques can work in synergy to enable sophisticated and
multifunctional  application.  Recently,  curve-shaped
traps based on structured light have been developed,  al-
lowing  particles  of  various  shapes  to  be  optically  trans-
ported  along  arbitrary  trajectories  driven  by  tailored
phase-gradient  force  fields,  while  simultaneously  spin-
ning at  frequencies ranging from Hz to several  kHz un-

der the optical torque156,157.
In addition to phase gradients, spatial variations in the

polarization of light beams significantly influence the op-
tical torque experienced by the particle. Gradients in po-
larization  affect  not  only  the  distribution  of  SAM  and
OAM but also exert additional optical forces and torques
on particles through interference among scattered fields.
Albaladejo  et  al.  demonstrated  that  in  light  fields  with
non-uniform polarization, scattering forces comprise not
only components determined by the Poynting vector but
also non-conservative components  related to the curl  of
SAM,  which  can  substantially  affect  particle
trajectories158. Elliptically polarized light waves, as a gen-
eral form of circularly polarized light, also have the angu-
lar momentum and can rotate nonspherical particles via
exerting  POT.  Ruffner  and  Grier's  research  indicated
that SAM in elliptically polarized beams can be convert-
ed into OAM through spin-to-orbit angular momentum
conversion, thereby generating significant optical torque
on  isotropic  particles159.  However,  when  the  elliptically
polarized light  waves  imping on dielectric  nanoparticles
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controlled orbital rotation of a single fluorescent nanodiamond, and the rotation direction is opposite to the light’s polarization rotation. Figure re-

produced with permission from: (a) ref.44, 2022 American Association for the Advancement of Science; (b) ref.26, 2022 American Physical Society;

(c) ref.45, 2021 American Chemical Society.
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obliquely26, the NOT emerges counterintuitively but ver-
itably,  as  shown  in Fig. 5(b).  This  interesting  phe-
nomenon dates from the geometric anisotropy of dielec-
tric nanoparticles160. The optical torque originating from
the scattering light by the dielectric triangular prisms can
be negative and neutralize the contribution of POT from
the SAM. By simply changing the incident angles, Shi et
al.  pointed out that the rotation direction of the particle
can  be  switched  between  clockwise  and  counterclock-
wise easily, which is a simple method to control the sign
of optical torque, which is different from introducing the
phase  gradient  of  light26.  What  is  worth  mentioning  is
that  some  special  laser  beams  can  also  induce  NOTs,
such  as  non-diffracting  non-paraxial  fractional  Bessel
vortex beam161.

Metasurfaces play an important role in the realization
of POT due to their powerful ability to regulate the light
field.  Similarly,  the  meta-fields  created  by  metasurfaces
have  a  significant  impact  on  the  implementation  of
NOT45. A gold metasurface composed of trimer nanoan-
tenna  was  proposed  to  create  a  specific  distribution  of
electric  field,  as  shown  in Fig. 5(c).  When  the  incident
linearly  polarized  light  is  rotated,  individual  nanotrian-
gles  would  be  excited  sequentially  in  the  reverse  order
and generate NOT. When the circularly polarized light is
applied,  a  Poynting  vector  vortex  of  reversed  handed-
ness would generate, leading to a transfer of angular mo-
mentum  between  the  circularly  polarized  light  and  the
trapped  particle.  Based  on  such  a  platform,  Fujiwara  et
al.  rotated  the  fluorescent  nanodiamond with  an  orbital
radius of 28 nm in a direction opposite to the rotation di-
rection of  linearly  polarized  light  or  circularly  polarized
light45.  Recently,  Xu  et  al.  clarified  the  fundamental
mechanism  by  which  OAM  induces  particle  rotation162.
They  found  that  OAM  couples  with  curl  torque,  influ-
encing particle rotation even when the particle is trapped
off the optical axis. By augmenting momentum curl with
topological  charges,  NOT  can  be  achieved  in  the  direc-
tion opposite to both the incident SAM and OAM.

 Negative optical torques exerted on diverse objects
While controlling the light field to achieve the NOTs, re-
search  into  NOTs  realized  by  changing  the  nature  or
morphology of objects is also progressing rapidly163.  Ac-
tually, the key to the occurrence of the NOT is breaking
the symmetry. Chen et al. showed that a NOT can be ex-
erted  on  a  dipolar  Ag-Au  core-shell  sphere  via  exciting
Fano-like  resonance  using  two  linearly  polarized  plane

waves  as  shown  in Fig. 6(a).  It  is  interesting  that  the
NOT  exerted  on  core-shell  nanoparticles  comes  com-
pletely from the electric quadrupole terms rather than an
electric dipole50. Apparently, the NOT can be adjusted by
changing  the  incident  wavelength  and  the  core  (shell)
radii  of  the  nanoparticle.  Moreover,  the  generation  of
NOT can break through the limitation of bandwidth to a
certain  extent.  It  has  been  proved  that  the  spin-orbital
angular  momentum  conversion  can  induce  broadband
NOT  on  a  metallic  nanohelix164.  This  broadband  NOT
arises  from  the  special  eigen  modes  of  the  helix,  which
induce optical torques with signs determined by the po-
larization and excitation frequency of the modes.

Multiple  particle  assembly  is  another  important  kind
of  configuration  to  generate  the  NOT22.  Electrodynami-
cally  bound  dimer  was  demonstrated  to  rotate  in  a  re-
versed direction with respect  to  that  of  the incident  cir-
cular  polarization23.  The  NOT  from  the  retardation  of
the  scattered  fields  is  the  pushing  hand  of  opposite-
handed  rotation.  Recently,  the  NOT  was  observed  in
dimers  of  300  nm  diameter  Au  or  490  nm  diameter
polystyrene  nanoparticles,  as  shown  in Fig. 6(b).  In  this
condition,  the forward scattering is  enhanced greatly  by
multipolar resonances in nanoparticle dimers with large
diameters25.  As  a  result,  the  NOT can be  created  due  to
conservation  laws.  Because  the  optical  force  is  propor-
tional to the incident beam power, the rotation frequen-
cy  can  be  increased  by  enhancing  the  incident  beam
power, even reaching kHz23.

Although  the  relevant  theory  predicts  that  multiple
nanoparticles  can generate  NOTs22,  it  is  still  a  challenge
to observe stable and tunable NOTs in experiments. Han
et  al.  devoted  to  experimentally  generating  NOTs  in  a
complex multi-nanoparticle system24. The optical matter
array,  composed of  silver  nanoparticles  in a  liquid sam-
ple cell, is illuminated by a light beam with SAM. The ro-
tation  of  the  nanoparticles  is  indicated  by  the  green  ar-
row,  which points  opposite  to  the  direction of  the  SAM
represented  by  the  blue  arrow  (as  shown  in Fig. 6(c)).
Furthermore,  it  is  proved  that  the  number,  separation
and configuration of the arrays can affect the NOT great-
ly24. Experimental results showed that there is a crossover
from POT to NOT with different parameters of the con-
stituent nanoparticles.

The  interaction  between  light  field  and  chiral  matter
has received significant attention due to its potential ap-
plications  in  enantioselective  manipulation165−169,  which
holds considerable importance in fields such as medicine
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and biology170,171. It has recently been recognized that the
chirality  of  objects  can  promote  the  recoil  effect172.  The
chiral  objects  can  receive  the  angular/linear  momen-
tums with reverse directions for their opposite chirality46

as  shown  in Fig. 6(d).  The  POT  and  NOT  induced  by
chiral  surface-plasmon-polaritons  are  also  called  the
quantum  spin  Hall  effect173.  Besides,  the  cross-coupling
of  linear  and  angular  momenta  between  the  light  field
and the chiral  object can also give rise to a NOT opera-
tion,  representing  a  competitive  interplay  between
nonchiral  and  chiral  contributions  to  dissipative  optical
torques48.  In  addition  to  chiral  particles,  some  special
particles  like  nonlinear  particles  can  also  produce  non-
linear  negative  optical  torque.  This  phenomenon  arises
from  the  excitation  of  resonant  states  at  harmonic  fre-
quencies with higher angular momentum projections38.

Meta-robot  has  recently  been  used  as  one  of  the  best
materials/objects  for  applying  NOTs,  since  the  absorp-
tion  and  scattering  properties  of  meta-robot  can  be  de-
signed directionally174. As shown in Fig. 6(e), a plasmon-
ic meta-robot is designed to enhance the cross-section of

the  light-matter  interaction.  The NOT is  exerted on the
meta-robot  when  the  illumination  wavelength  is
switched  to  excite  different  plasmonic  modes  reaching
the condition of strong photon scattering42. Although the
meta-robot  is  only  100  nm  in  size,  it  can  still  drive  a
micrometre-sized  silica  disk  which  is 4000 times  larger
than  meta-robot.  The  optical  torques  can  be  enhanced
further  by  arranging  the  meta-robot  in  arrays.  NOT  in
meta-robot is a necessary supplement to the POT in or-
der to realize the omnidirectional  motion control  of  the
meta-robot175.

In  the  previous  sections,  we  introduced  POT  and
NOT.  However,  recent  studies  have  shown  that  the
mechanisms  underlying  optical  torque  generation  are
evolving  toward  more  diverse  and  complex  forms.  One
representative advance is  the realization of  time-varying
three-dimensional  (3D)  optical  torques176.  In  this  work,
3D  optical  torque  and  dynamic  switching  between
multiple rotation axes has been achieved on birefringent
microparticles  by  engineering  the  SAM  vector  with  dif-
ferent orientations. To facilitate 3D control of SAM, the
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researchers  proposed  a  design  for  an  incident  field,
which  can  be  generated  with  a  spatial  light  modulator
(SLM)  by  manipulating  the  so-called  asymptotic  spiral
phase.  Experimentally,  controlled  3D  rotation  and  dy-
namic switching between multiple rotation axes of cubic
calcite microparticles have been achieved within a single-
beam optical  trap. Furthermore, the controlled 3D rota-
tion  of  individual  living  cells  was  also  demonstrated.
Metasurfaces offer unprecedented opportunities for con-
trolling the momentum exchange between light and mat-
ter, and thereby the forces and torques that light can ex-
ert.  Metaspinners,  which generate torque via photon re-
coil,  are  capable  of  bending  light  into  high  angles  and
creating  OAM177.  When  two  or  more  metaspinners  are
trapped  in  a  laser  beam,  they  collectively  orbit  around
the  beam  axis  in  a  direction  opposite  to  their  intrinsic
spinning motion. This work highlights the vast potential
of  metasurfaces  for  fundamental  explorations  of  optical
torque.  These  advancements  expand  the  theoretical
framework and practical  applications  of  optical  torques.
We anticipate that further developments in light field en-
gineering  and  nanophotonics  will  continue  to  uncover
even more complex and tunable torque phenomena.

 Applications
With the refinement of the optical torque theory and the
demonstration of various phenomena of particle manip-
ulation  by  optical  torques,  the  optical  torque  gradually
begins to appear in various application scenarios178.  Op-
tical  torque  has  enabled  a  wide  range  of  applications  in
physics and biology due to its  high precision,  non-inva-
sive nature, and micro/nano-scale characteristics33,179,180.

 Generation of angular momentum beams
Photons  can  carry  SAM  and  OAM.  Unpolarized  laser
light  can  be  converted  into  circularly  polarized  beams
carrying  SAM  using  a  polarizer  and  quarter-wave  plate
combination,  with  a  half-wave  plate  reversing  the  SAM
helicity.  Under  non-paraxial  conditions  involving
evanescent  waves  or  tight  focusing,  transverse  SAM
components orthogonal to propagation emerge in struc-
tured fields such as plasmonic waves, waveguide modes,
and  interferometric  systems93,181−185.  For  OAM  genera-
tion, vortex beams are typically engineered through sev-
eral approaches. The pioneering LG modes were generat-
ed using cylindrical lens mode converters186,  while alter-
native solutions include Bessel, Mathieu, and Ince-Gaus-
sian  beams187−189.  Practical  OAM  generation  leverages

spiral phase plates (SPPs) inducing azimuthal phase gra-
dients,  fork-pattern  holograms,  or  SLMs  for  dynamic
control190.  Metasurfaces  and  liquid-crystal q-plates  fur-
ther  enable  SAM  and  OAM  design191,192.  Beyond  spatial
domains, spatiotemporal optical vortices (STOVs) carry-
ing  transverse  OAM  orthogonal  to  propagation  have
been  realized  through  space-time  wavefront
engineering193−195. Recently, the plasmonic vortices (PVs)
have  also  attracted  considerable  attention  due  to  their
strong near-field confinement and spin dependence196,197.
Metallic  nanostructures  such  as  plasmonic  vortex
lenses198,199 and  plasmonic  vortex  nanosieves200 can  gen-
erate  spin-dependent  PVs through plasmonic  spin-orbit
coupling,  enabling  the  generation  of  beams  carrying
OAM.

 Detection of rotation and enhancement of optical
torques
Prior to implementing specific applications, precise mea-
surement  and characterization of  particle  rotation is  es-
sential  for  quantitative  analysis  of  optical  torque.  Once
the  rotational  rate  of  particle  is  measured  precisely,  the
optical torque can be directly determined and character-
ized201.  This lays the foundation for extending the appli-
cation  of  optical  torque  across  diverse  fields.  Generally,
particles with sizes exceeding the diffraction limit can be
tracked  via  high-spatiotemporal-resolution  cameras.
This universal method can be used for any material par-
ticle  and  excels  for  orbital  motion  characterization  but
requires  particle  asymmetry  for  reliable  spin  detection.
For sub-diffraction nanoparticles (e.g., metallic nanopar-
ticles),  dark-field  illumination62 amplifies  scattering  sig-
nals to enable visualization. Meanwhile, temporal resolu-
tion  extensions  such  as  stroboscopic  illumination128 or
image  post-processing  compensates  is  needed  for  cam-
era  frame-rate  limitations.  For  high-frequency  rotation
(e.g.,  GHz-range vacuum levitation), fast photodetectors
can be used to overcome the limitations the fast rotation
rate  of  highly  spherical  or  small  particles.  For  birefrin-
gent  particles  modulate  beam  polarization.  Conversion
to  intensity  signals  via  polarizing  beam splitters  enables
precise angular tracking128. Irregularities in spinning par-
ticles  induce  periodic  intensity  variations  in
forward/backscattered trapping or auxiliary laser beams,
which  can  be  monitored  via  photodetectors60.  The
rotation of the particle can also be monitored via the ro-
tational  Doppler  effect202 and  orientation-dependent  lu-
minescence203,204,  where  the  emission  spectral  shifts  in
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anisotropic  fluorophores  can  be  used  to  track  the  rota-
tional motion.

Measurement of particle rotation serves as the founda-
tion for applications,  while  enhancement is  the key step
toward  enabling  effective  implementation.  It  is  neces-
sary  to  amplify  the  optical  torque  before  applying  it  to
practical applications,  due to the relatively small  magni-
tude  of  optical  torque205.  The  most  straightforward
method  is  to  directly  increase  the  intensity  of  the  laser
power.  However,  blindly  increasing  the  laser  power  to
enhance the optical  torque would cause additional  ther-
mal issues or damage problems, especially for metallic or
biological  objects.  Therefore,  optical  methods  involving
interactions  between  light  and  objects  were  developed.
To  maximize  optical  force  and  torque  on  arbitrary  mi-
cro- and  nanoscale  objects,  a  numerical  framework  for
designing vector-field illumination via computational in-
verse  design  was  proposed.  A  20-fold  enhancement  in
optical  torque  on  a  plasmonic  nanoparticle  was
realized206.  Rahimzadegan  et  al.  identified  and  analyzed
the  contributions  of  different  light-matter  interaction
channels  to  optical  torque  on  isotropic  particles.  They
showed that  the  optical  torque  can be  decomposed into
two parts:  one arising from electric  interactions and the
other from magnetic interactions. By analyzing the con-
tributions from each channel, they defined that the maxi-
mum optical torque can be achieved when the particle is
in  the  critical  coupling  regime  that  the  radiative  loss
equals  the  nonradiative  loss.  Under  the  optimal  condi-
tion,  they  derived  analytical  expressions  for  the  maxi-
mum of optical torque, providing a framework for deter-
mining  the  maximum  achievable  torque  in  any  given
scenario207.  By  using  optimal  structures  and  incident
fields,  the  optical  torque  can  approach  the  upper
bounds208 as shown in Fig. 7(a). Recently, Shi et al. found
that giant positive and negative optical torques can be in-
duced in a triangular prism with the optical gain209.  The
positive  and  negative  optical  torques  can  be  enhanced
over  800  and  200  times  larger  than  the  ordinary  lossy
counterparts. As shown in Fig. 7(b), the enhancement of
positive  and  negative  optical  torques  can  be  achieved
from the superhybrid mode, which is composed of elec-
tric toroidal dipoles and magnetic multipoles. As for par-
ticle  clusters,  the  optical  torques  can  be  enhanced  con-
spicuously  by  the  strong  mutual  scattering210.  In  addi-
tion  to  optical  methods,  mechanical  and  chemical  ap-
proaches  can  also  be  employed  to  enhance  light
torque211,212.  Geng  et  al.  proposed  a  giant  optical  torque

which is transferred to the target by rotating the ring res-
onator connected with it. Since the torque is determined
simultaneously  by the  optical  force  amplitude and force
arm, both of them were enhanced with the utilization of
a  ring  resonator.  The  force  arm  can  be  increased  effi-
ciently by the radius of  the ring resonator and the force
could  be  enhanced  by  selecting  the  incident  frequency
detunes  from  the  resonance  center  of  the  ring.  Results
show that the optical torques can be 3 orders larger than
those  obtained  using  the  orbital  and  spin  angular  mo-
menta  of  light  at  the  same  incident  level212.  Optical
torques can also be enhanced in dye-doped nematic liq-
uid crystals, benefiting from the two-photon effect213.

 Physical applications
The  optical  torque  has  the  ability  to  rotate  the  micro-
scopic  matter214−216.  An  apparatus  called  "optical  torque
wrench"178−180 was  proposed  to  measure  the  instanta-
neous  torque  applied  to  the  matter.  The  instantaneous
torque is equal in magnitude but opposite in direction to
the rate of alteration in angular momentum of the trap-
ping beam as it traverses through the matter. This frame-
work is applicable for quantifying the rotational Browni-
an  motion  of  the  entrapped  matter  and  evaluating  the
angular  trap  stiffness217.  The  optical  torque  wrench  can
also  facilitate  the  characterization  of  micrometer- and
nanometer-scale  particles  by  allowing  for  a  correlation
between  their  geometrical  properties  and  measured
torques218,  which  is  beneficial  to  promote  the  develop-
ment  of  micrometer- and  nanometer-scale  particles  in
different practical applications, such as nanomedicine219,
biosensors220, catalysis221, imaging techniques222, etc.

The  particle  clusters  propelled  by  optical  torque  also
find  utility  within  microfluidics9,223,224.  The  rotational
motion  of  these  particles  induces  a  flow  within  the  en-
compassing  fluid  medium  forming  an  optically  driven
pump.  By  strategically  situating  the  rotating  particles
proximal to the confines of two-channel walls, a cumula-
tive fluidic flow ensues along the channel’s length. Mod-
ulating the rotational direction of the particles can effec-
tuate a reversal  in the fluidic pumping direction.  As de-
picted  in Fig. 8(a),  when  the  spinning  particles  are  in
close  proximity  to  the  channel  wall225,  the  resultant
pumping  effect  yields  a  maximum  flow  velocity  of  8.3
μm·s–1.  This  device  is  engineered  for  precise  conveying
minute  liquid  volumes.  However,  the  presence  of  a  mi-
crofluidic channel constrains its applicability within cer-
tain systems. This limitation has been mitigated by sub-
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stituting particle rotation with an optical vortex226, result-
ing in an enhanced operational scope.

Due to the action of optical torque, non-spherical par-
ticles tend to align along the linear polarization direction
of the laser field. When the laser polarization rotates, the
particle  alignment  follows  accordingly31,227,228.  If  a  parti-
cle deviates from the polarization direction, it undergoes
angular  oscillations  around  the  equilibrium  position.
Tong  et  al.  experimentally  demonstrated  the  optical
alignment  and  rotation  of  individual  plasmonic  nanos-
tructures  using  a  single  linearly  polarized  near-infrared
laser  beam.  The  results  show  that  silver  nanorods  and
gold  nanoparticle  dimers  align  along  the  laser  polariza-
tion due to their higher polarizability along the long axis,
whereas silver nanowires unexpectedly align perpendicu-
lar  to  the  polarization34.  Leveraging angular  oscillations,
Lamperska  et  al.  developed  a  novel  optical  torque  mea-
surement platform based on a microbarbell—and quan-
titatively  determined  the  optical  vortex  torque  through
analytical  and  numerical  modeling,  achieving  higher
measurement  precision  compared  to  other  methods229.
Angular  oscillations  induced  by  optical  torque  offer  a
new  approach  for  high-sensitivity  torque  measurement
and mechanical sensing at the micro- and nanoscale35.

By  studying  the  rotational  behavior  of  nonspherical
particles  in  a  vacuum230,231,  it  is  found that  different  po-
larizations of light can induce different rotational motions
of  nonspherical  nanoparticles227.  The torsional  vibration
of nonspherical nanoparticles tends to align with the po-
larization  direction  of  the  incident  light.  As  a  conse-
quence,  this  characteristic  was  used  as  an  ultrasensitive
nanoscale torsion balance232 as shown in Fig. 8(b), whose
torque detection sensitivity reaches 10−29 Nm·Hz−1/2. This
balance can also facilitate the detection of Casimir torque
through  a  configuration  involving  an  optically  levitated
nanorod positioned adjacent to a birefringent plate with-
in  a  vacuum  environment233,  as  shown  in Fig. 8(c).  The
Casimir torque acts on the nanorod to minimize the en-
ergy when the nanorod is not aligned with the axis of the
birefringent plate. The torsional vibration of the nanorod
will  dynamically  change  the  polarization  of  the  laser
beam.  By  measuring  the  torsional  vibration  of  the
nanorod  with  the  laser  polarization,  the  Casimir  torque
can  be  indirectly  measured.  Xu  et  al.  calculated  the
Casimir torque to be on the order of 10−25 N·m for a sili-
ca nanorod with a length of 200 nm and a diameter of 40
nm, which was levitated by a  100-mW OT in a  vacuum
at  10−7 torr.  The  optically  levitated  silicon  nanorod  can
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also  serve  as  a  sensor  to  probe  structured  transverse
OAM234.  Furthermore,  a  dual-beam  torque  sensor235,
which  is  based  on  an  optically  levitated  nanosphere  or
nanodumbbell36,236 in vacuum, was proposed to achieve a
sensitivity  of  (4.2±1.2)×10−27 Nm·Hz−1/2.  As  depicted  in
Fig. 8(d), the nanomotor is levitated in a vacuum using a
tightly focused 1550 nm laser through an objective lens.
A 1020 nm laser is utilized to apply an external torque to
the nanomotor. It is noteworthy that a remarkable rota-
tion speed exceeding 5 GHz was also demonstrated. Op-
tically  levitated particles  demonstrate  great  potential  for
applications  in  precision  measurements237,238 and  quan-
tum mechanics239.

 Biological applications
Since  the  invention  of  OTs,  the  optical  force  has  been
widely used in biological applications. For instance, OTs
are  used  to  enable  precise  force  measurements  at  the
molecular  level240,  manipulate  the  biomacromolecule241,
facilitate the study of individual molecules in real-time242

and so forth. The advance of optical torques has further
expanded  the  biological  applications  of  OTs.  It  is  well
known  that  DNA  molecules  carrying  genetic  informa-

tion  are  twisted  into  coils  due  to  the  biological  torques.
The biological torques are generated by the movement of
enzymes.  Although  the  biological  torques  are  very  tiny,
i.e., at the piconewton-nanometer level, they can be mea-
sured  using  an  angular  optical  trap  composed  of  a
nanofabricated  quartz  cylinder  acting  as  a  "handle"  that
securely grasps one end of a DNA strand243, as shown in
Fig. 9(a).  Biological  torques  of  around  10  piconewton-
nanometers  were  measured.  It  was  further  determined
that the biological torques can regulate transcription rate
and pausing244.

The  isolation  and  purification  of  bioparticles  play  a
crucial  role  in  advancing  disease  diagnostics  and  thera-
peutics.  Microfluidics245,  acoustics246 and  optical  force241

are  extensively  used  to  separate  nanoparticles  and
biomolecules  with  different  diameters  or  refractive  in-
dices.  However,  sorting  label-free  submicron  particles
that have similar volume and refractive index but distinct
shapes  presents  formidable  challenges  for  these  tech-
niques.  In  contrast,  optical  torque  is  shape-dependent
and  is  well-suited  for  separating  particles  with  different
shapes.  Shi  et  al.  proposed a  strategy to use  a  sawtooth-
like light field to induce shape-dependent optical torques
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on particles247,  as  demonstrated in Fig. 9(b).  The spheri-
cal Staphylococcus aureus (S. aureus) and rod-shaped Es-
cherichia coli (E. coli) have completely different dynamic
behavior  inside  the  optofluidic  chip.  The S.  aureus was
stably trapped in the hotspots of  the light field,  while E.
coli escaped  from  the  chip  with  efficiencies  of  95%  and
97%.  It  is  worth  mentioning  that  the  rod-shaped  bacte-
ria  are  subjected  to  different  torques  at  different  angles
and positions, which leads to their escape behavior.

Biological materials have the unique characteristics of
self-repair,  self-assembly  and  high  biocompatibility248.
Therefore,  controlling the natural cells and their deriva-
tives as biological micromotors to perform complex and
special  tasks  is  a  frontier  direction  in  microrobotic  re-
search.  Due to  their  small  size  and remarkable  capabili-
ties,  biological  micromotors  offer  an  efficient  means  of
noninvasively  navigating  into  confined  and  challenging
biomedical microenvironments249 that are typically inac-
cessible using conventional medical tools. While magnet-
ic force and phototaxis have been proven to be effective

methods  for  manipulating  micromotors250,251,  their  suc-
cess heavily relies on the specific properties of the motor
materials. Optical force-based manipulation represents a
universal approach for controlling micromotors, as long
as  there  exists  a  difference  in  refractive  index  between
the  motors  and  their  surrounding  environment.  Xin  et
al.  showcased  living  and  multifunctional  micromotors
that utilize optical force and torque on Chlamydomonas
reinhardtii252,  as  depicted  in Fig. 9(c).  Through  precise
control  over  the  movement  and  rotation  of  Chlamy-
domonas reinhardtii cells, it is possible to indirectly ma-
nipulate  biological  targets  and  disrupt  biological  aggre-
gates. These biological micromotors offer an active actu-
ation platform with numerous in vitro biomedical appli-
cations253,254,  including  medicine  delivery  and  release,
target  manipulation,  and  the  removal  of  biological
aggregates.

The optical manipulation of small particles is a useful
tool in probing fluid properties at the microscale255.  The
rotation of microscale particles can be used to probe lo-

 

a bRNAP

RNAP

Upstream

Anti-HA Anti-HA
Cover glass Cover glass

Fτ Fτ

Downstream

Flow

Light

c d

60
0 μm
2 μm
4 μm
5 μm
6 μm
7 μm

40

20

0

−20M
z (

pN
·n

m
)

−40

−60
−90 −60 −30 0

Angle (°)
30 60 90

1.0

0.5

0
To

rq
ue

 (×
10

−2
0  N

·m
)

−0.5

−1.0
0 30 60 90

Cell

UCP

980 nm laser beam Nucleous
UCP+laser

External
UCP 30 μm

Rotation angle (°)
120 150 180

2.5

2.0 1

0.1

103 102

Vi
sc

os
ity

 (P
a·

s)

1.5

1.0

Vi
sc

os
ity

 (P
a·

s)

0.5

0
0 0.01 0.02

Frequency (rad/s)
0.03 0.04

Frequency (rad/s)

Fig. 9 | Biological applications of optical torques. (a) Schematic diagram for measurement of biological torque by optical torque. Using optical trap

to grasp the end of a DNA strand, DNA's torques were measured. (b) Illustration of sorting and dynamics of bacteria in the optofluidic chip. Sort-

ing of unstained bacteria with different shapes was realized based on the hotspots impose different optical torques on the particles according to

their shapes. (c) Illustration of the Chlamydomonas reinhardtii micromotors. The micromotor's locomotion can be carefully controlled, exhibiting

the capabilities to perform multiple tasks. (d) Estimation of the intracellular dynamic viscosity. A UCP rotates inside a HeLa cell, and viscosity as

a function of the rotation frequency was measured. Figure reproduced with permission from: (a) ref.243,  2013 American Association for the Ad-

vancement of Science; (b) ref.247, 2019 American Chemical Society; (c) ref.252, 2020 American Chemical Society; (d) ref.27, 2016 American Chemi-

cal Society.

He T et al. Opto-Electron Sci  4, 250014 (2025) https://doi.org/10.29026/oes.2025.250014

250014-17

 

https://doi.org/10.29026/oes.2025.250014


cal viscosity256. The viscosity information of the medium
can be obtained by utilizing the relationship between the
transition time of particles to a steady state and the envi-
ronmental dynamic viscosity. Arita et al. conducted mea-
surements of the viscosity of air, carbon dioxide, and ar-
gon through the recording of the terminal rotation veloc-
ity and the associated polarization alteration of the inci-
dent light257. Due to the noninvasive characteristic of op-
tical torques, optical torques are also used to measure the
viscosity  of  different  body  fluids,  such  as  tears256,  intra-
cellular  fluid258,  etc.,  providing  a  good  technical  means
for  the  development  of  biology.  It  has  been proved that
the upconverting hexagonal particle can be driven to its
stable orientation at which the optical axis of the upcon-
verting  particle  orientates  parallel  to  the  electric  field
vector (Fig. 9(d)) by optical torques27. The time-resolved
single particle polarized spectroscopy was used to moni-
tor upconverting particles in real time for the determina-
tion of the transition time. The static and dynamic cyto-
plasmic  viscosity  were  estimated  by  this  optical  torque-
assisted method27. The viscosity values are comparable to
the values in published literature after considering exper-
imental errors.

 Conclusions and outlook
In  summary,  developments  of  both  theories  and  tech-
niques of optical torques are advancing the field of opti-
cal  manipulation.  The  emergence  of  many  practical  ap-
plications,  especially  biological  ones,  further  proves  the
broad  prospect  of  optical-torque-based  manipulation.
Despite being proven effective tools for non-contact spa-
tial  manipulation  of  micro/nano  objects,  including  liv-
ing  biological  samples,  optical  torques  still  possess  cer-
tain  limitations.  For  instance,  the  optical  forces  and
torques  decrease  significantly  as  the  size  of  the  objects
decreases,  resulting  in  low  manipulating  speeds.  Addi-
tionally, the functionality of optical forces and torques is
relatively  simple,  primarily  encompassing  capture,
movement, rotation, and positioning. By integrating op-
tical forces and torques with a variety of micro and nano
technologies,  including  optofluidic  technology259,  op-
tothermal  technology260,261,  microscopy  and  spec-
troscopy technology262−264, and more, it becomes possible
to  perform  more  precise  and  complex  manipulation  of
micro/nano-scaled objects265, and obtain a more compre-
hensive range of information266. This is highly desired for
applications  of  micro-bioreactors,  chip  diagnostics,  and
microprocessing systems.

The  optical  force  and  torque  come  from  the  interac-
tion between the light field and particles. Therefore, spe-
cial  light  fields  can  bring  new  opportunities  for  optical
force and torque manipulation. The recent emergence of
singularities  such  as  bound  states  in  the  continuum
(BICs)267−270 and  exceptional  points  (EPs)271−275 has
gained substantial attention as a complementary route to
optical force and torque276. BIC modes have high-Q reso-
nances and enable the enhancement of optical forces and
torques277,  which is  beneficial  to the on-demand control
of  light  vehicles.  On  the  other  side,  vector  EPs  can  be
used  to  generate  a  superchiral  gradient  field  to  induce
extremely  strong  chiral  gradient  forces278,279.  Therefore,
we  believe  that  the  EP  field  can  be  further  exploited  to
exert optical torques on objects, which may stimulate ex-
citing applications280,281.

As the burgeoning development of deep learning282−285,
optical  design and inverse  design with large amounts  of
data  and  degrees  of  freedom  become  feasible  and
easier286−288.  The  deep  learning  approach  has  achieved
state-of-the-art  results  in  the  prediction  of  the  optical
performance  of  nanophotonic  devices289,290 and  the
nanophotonic  inverse  design291,292.  Recently,  neural  net-
works  were  also  demonstrated  to  improve  the  speed  of
optical  force  calculation293,294.  However,  there  have  been
few  reports  of  reverse  engineering  of  optical  force  or
torque  using  deep  learning.  When the  fast  and accurate
reverse  design  of  optical  force  and  torque  can  be
achieved,  it  will  also  be  possible  to  freely  customize  the
movement  mode  and  path  of  objects,  paving  an  avenue
toward optical manipulation.
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