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L
inear and rotary motors are the basic
components in mechanical machin-
eries that are crucial to industrialized

societies. On the molecular scale, many cell
functions in living organisms are driven by
similar biological motors, from cargo trans-
portation,1,2 gene regulation3,4 to muscle
contractions.5,6 Synthetic motors that can
reliably work on the nano- and micrometer
scales have been pursued by researchers, for
their great potential in biomedicine,material
science and nanotechnology.7�26 Self-
propelled microswimmers7,8,10,14,15,19,20 and
microrotors driven by external electric21�23

or magnetic fields17,24�26 have been re-
ported recently. Among proposed driving
mechanisms, laser light, that carries both
linear and angular momentum, is a promis-
ing tool to generate rotation in micro-
devices.27�29 For instance, angular momen-
tum can be transferred from an elliptically
polarized laser beam to a birefringent parti-
cle, generating a mechanical torque.30�33

The rotational direction of the particle can
be switched by modulating the laser polar-
ization conditions.34 Precisely fabricated
asymmetric devices such as microturbines35

or gammadion shaped microrotors36,37

can be rotated by linearly polarized light.
The rotational directions of these devices,
however, are generally determined by

the geometric bias of the rotor and,
thus, do not allow free switching, with the
exception of plasmonically driven rotors
whose rotational directions can be reversed
by switching the laser wavelengths.36

So far, all reported light-driven rotors
require complex manipulation of either
the illuminating laser and/or the structure
and materials of the device, which has
limited their areas of applications. A micro-
rotor that allows flexible control of both
the direction and rate of rotation and at
the same time is easy to produce en masse

would expand the scope of its utility in
practice.
Janus spheres that have different optical

properties on the two hemispheres are
potential candidates for optical rotors.38,39

One particular advantage of Janus particles
is that they can be easily produced in large
quantities, to the order ofmillions in a single
batch. Controlling of the optical property
distribution in a Janus sphere is critical
to the design of a functional rotor. For the
simplest case, a Janus particle with a flat
circular boundary line between the coated
and uncoated surfaces cannot stably rotate,
as the system symmetry is not biased to-
ward one rotational direction or the other.
Such particles are observed to rotate inter-
mittently in an optical trap, with frequent
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ABSTRACT Bistable rotation is realized for a gold-coated Janus

colloidal particle in an infrared optical trap. The metal coating on the

Janus particles are patterned by sputtering gold on a monolayer of

closely packed polystyrene particles. The Janus particle is observed to

stably rotate in an optical trap. Both the direction and the rate of

rotation can be experimentally controlled. Numerical calculations reveal

that the bistable rotation is the result of spontaneous symmetry

breaking induced by the uneven curvature of the coating patterns on the Janus sphere. Our results thus provide a simple method to construct large

quantities of fully functional rotary motors for nano- or microdevices.
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hoppings of the particle center and reversals of rota-
tional directions, which render them unviable for
practical applications.40

In this article, we report experiments that achieve
controlled stable rotation of a Janus particle in a
linearly polarized optical trap by introducing patterned
metal coatings through a simple procedure. Both the
rate and the direction of the rotor can be flexibly
controlled by adjusting the position or intensity of
the focused laser beam. We show, through numerical
calculations, that the patterned boundary line breaks
the reflective symmetry of an ideal Janus particle,
resulting in two stable configurations of lower sym-
metry for a particle in an optical trap, corresponding to
two opposite rotational directions.

RESULTS AND DISCUSSION

Sulfonated polystyrene (PS) particles are synthe-
sized using dispersion polymerization method.41 The
hydrodynamic diameters of the microspheres are de-
termined by dynamic light scattering to be 3.0μm,with
a polydispersity of 2%. Janus particles are fabricated in
a process illustrated in Figure 1a. First, a drop of ethanol
diluted PS solution (0.01 mL) is deposited on a clean
hydrophilic glass slide, using a micropipette. A thin
liquid film is formed as the deposited solution rap-
idly spreads on the glass surface. The particles in
the thin film aggregate into a monolayer of closely
packed hexagonal structure after drying, as shown in
Figure 1b, from the attraction induced by the menisci
between particles during evaporation. Au is then sput-
tered on dried patches of PS particles, coating one
hemisphere with ∼5 nm of metal. Finally, these parti-
cles are resuspended in deionized water by sonifica-
tion. An SEM image of redispersed Janus particle is
shown in Figure 1c. One notable feature of these

particles is that the boundary between the coated
and uncoated surfaces is not a flat line parallel to the
equator, but a wavy line with distinctive patterns
(additional images are included in Figure S1 in Sup-
porting Information). These patterns are obviously
related to the close-packed hexagonal structure of
the PS monolayer before sputtering, in which most
particles are in contact with 6 neighbors. The average
number of neighbors for the PS spheres before sput-
tering is measured to be 5.7, with 79% of the spheres
having 6 contacting neighbors. The vertically sput-
tered gold covers less area around the points of
contact between neighboring particles, leading to
the concaved patterns on the dividing line.
An optical trap is formed by focusing a linearly

polarized laser (λ = 1064 nm) through an objective with
variable numerical aperture. The power of the laser is
adjustable from 15 to 114mW. In our experiments, over
30 individual Janus spheres are measured, ∼80% of
which exhibit observable rotations in an optical trap.
A series of snapshots of clockwise and counterclock-
wise rotation of a Janus particle are shown in Figure 2,
panels a andb, respectively (seeVideo S1 and Video S2).
The brighter part of the sphere corresponds to the un-
coated hemisphere of the polystyrene. The Au-coated
hemisphere appears darker in the images, as it trans-
mits less light. The center of the trap is fixed relative to
the camera, indicated as a red cross in Figure 2.
Several remarkable features are observed for the

rotating Janus particles in an optical trap. First, the par-
ticle is oriented in a way that the dividing line between
the coated and uncoated surfaces can be clearly seen
from the top. This orientation is different from that of a
free Janus particle whose coated hemisphere is slightly
heavier and tends to point in the direction of gravity.
Second, the center of the optical trap is always on the
polystyrene side of the sphere. And third, once a Janus
particle begins to rotate in the optical trap, it maintains
stable rotational direction until it is released. The initial
rotational direction is determined by the way the trap
approaches the particle, which can be switched by
releasing the particle and recapturing it from the
opposite side.
When a metal-coated Janus particle approaches an

optical trap, the polystyrene side of the particle feels
the intense gradient of electric field near the focal
point of the laser and is attracted toward the trap
center, as illustrated in Figure 3a. For an uncoated PS
sphere, the trap center will coincide with the particle
center. For a coated Janus particle, however, the
Au-coated hemisphere strongly scatters the intense
laser and is thus repelled from the optical center,
shown as Frep in Figure 3a. This repulsive scattering
force shifts the sphere center away from the optical
axis, leaving the uncoated side of the sphere in the
laser trap. For a symmetrically coated Janus particle
with six identical and evenly spaced patterns, the

Figure 1. (a) Fabrication of patterned Janus particles.
(b) Micrograph of a dried monolayer of polystyrene parti-
cles on a glass substrate before sputtering. (c) SEM image of
a patterned Janus particle. The upper half of the particle is
coated with gold.
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optical center would naturally falls onto a symmetry
plane that divides the particle into two identical hemi-
spheres, as shown in Figure 3b. Under such configura-
tions, laser-driven rotation along the optical axis is
not possible, as any torque obtained from forces in
the right hemisphere will be exactly canceled by an
opposite torque from the mirror positions on the left
hemisphere.
We extract the position and orientation of the rotat-

ing particle in an optical trap by analyzing the obtained
digital images. Figure 4a shows the trajectory of the
particle center relative to the trap center for a Janus
particle under different conditions. The particle moves
in nearly perfect circles around the trap, with no
hopping events across the trap center. Two angles,
R and θ, are introduced to describe the motion of a
Janus particle. As illustrated in Figure 4b1,R is the angle
between the center�center vector from the optical
trap to the particle and the x-axis, and θ is the angle
between the normal direction of the equator plane

(from the polystyrene side to the Au-coated side) and
the x-axis. R describes the translation of the particle
mass center relative to the laser trap, while θ repre-
sents the spinning of the particle relative to its own
center. When R and θ are equal, the rotation axis is on
the symmetry plane of the sphere; otherwise. the axis is
oneither left or right sideof the plane.MeasuredR andθ
are plotted in Figure 4b2. The two angles are linearly
correlated, suggesting that the translational motion
and the spinning of the spheres are synchronized. The
non-zero intercepts in Figure 4b2 show that optical
center is not located on the symmetry plane. This
relation becomes clear when the positions of the trap
center are plotted in the reference frame of the particle
in Figure 4c,d. The trap center is either on the left side
of the symmetry plane (dashed vertical line) or on the
right side of the plane. This deviation of the rotation
axis from the symmetry plane dictates the rotational
direction of the Janus sphere. When the trap is on the
left side of the symmetry plane, the particle rotates
counterclockwisely, and when the trap is on the right
side of the plane, the particle rotates clockwisely. In
practice, the correlation between the laser position and
rotational direction can be employed to switch the
rotational direction of a Janus particle. Stable rotations
along axis of lower symmetry suggest that sponta-
neous symmetry breaking may have occurred in our
system, which will be examined in detail in numerical
analysis later.
The rate of rotation can be varied over a wide range

by tuning the laser power or the numerical aperture
(NA) of the objective lens. Figure 4e plots the rotational
frequency of a Janus particle under different laser
powers. The rotational rate increases almost linearly

Figure 2. A series of snapshots showing a Janus particle rotating one complete circle. (a) Clockwise rotation, laser power
I = 57mW, objective NA = 0.7. (b) Counterclockwise rotation, laser power I = 28.5 mW, objective NA = 0.7. The position of the
laser center is indicated by a red cross.

Figure 3. Janus particle in an optical trap. (a) Forces exerted
on different hemispheres of a Janus particle and (b)
symmetry of forces on the two hemispheres for optical trap
located on the symmetry plane of the sphere.
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with laser power. The numerical aperture, which de-
termines the focusing angle of the laser trap, has more
significant influence on the rotational rate. As plotted
in Figure 4f, the rotational speed increases by an order
of magnitude when the NA changes from 0.7 to 1.0
(also see Video S3 and Video S4) for a constant laser
power of 57mW. The rotational rate appears to reach a
plateau for NA greater than 1.0.
To investigate the driving mechanism for the ob-

served bistable rotation of Janus particles in an optical
trap, we employ ray optics algorithms to calculate the
force and torque generated by a focused laser on a
Janus particle with patterned coatings. Details of the
algorithm can be found in the Supporting Information.
Briefly, by tracing the reflection, refraction, and absorp-
tion of an incident ray, an elementary force or torque
can be evaluated at each point the ray encounters an
interface on the particle. The overall force and torque
exerted on a Janus particle can thus be obtained
for arbitrary trap-particle configurations. Ray optics
algorithm is a geometry-optics based method that is

computationally inexpensive, thus suitable for fast
searching in large parameter spaces.42 We note that
for particles whose sizes are comparable to the
wavelength of incident laser light and with complex
distribution of dielectric properties, this method may
only be qualitatively reliable.43

The coordination system for the calculation is shown
in Figure 5a. The trap center is fixed at the origin,
and the laser beam propagates along the z-axis. The
patterned Janus particle is initially oriented in such a
way that the unit vector from the metal side to the
polystyrene side is parallel to the y-axis. The particle is
then scanned along the x-, y-, and z-axis in search of a
position where the net force on the particles is zero.
During the positional scan, the orientation of the
particle is fixed. The torque is generally non-zero at
the equilibrium position for forces. The sphere is then
allowed to rotate around different axes until a stable
configuration is reached. Rotations from the initial
orientation around different axes are represented by
γβ, where β = x, y, or z. At a stable configuration, the net

Figure 4. Rotation of a Janus particle in an optical trap. From (a) to (d), counterclockwise rotations are shown in black circles
with I = 21.4 mW, NA = 0.7 (empty) and I = 35.6 mW, NA = 0.7 (filled); clockwise rotations are shown in red triangles with I =
42.8mW, NA = 0.7 (empty) and I = 57mW, NA = 0.7 (filled). (a) The position of the particle in the reference frame of the optical
trapwith the trap center as the origin of coordinates. The position of the laser center is indicatedby a red cross. (b1) Definition
of the orientational angles. The gray area represents the metal-coated hemisphere; the trap center is located at the origin,
denoted by an o. (b2)Measured orientational angles of a Janus particle in an optical trap, θ as a function ofR. (c) The positions
of the beam center in the reference frame of the Janus particle for counterclockwise rotations. (d) The positions of the beam
center in the reference frame of the Janus particle for clockwise rotations. (e) Rotation frequency of the Janus particle as a
function of the laser power (with NA = 0.7); and (f) as a function of numerical aperture of the objective lens (with I = 57 mW).
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force on the particle is zero, and a small change of the
particle position will result in a restoring force toward
the equilibrium position (i.e., the slope of the force�
position curve is negative). At the same time, the
direction of any remaining torque must be stable as
the particle rotates under its influence.
We first examine the force and torque felt by a Janus

particle with 6 evenly spaced identical concave pat-
terns in an optical trap. The equilibrium coordinates for
the particle center are found to be re = (0,�0.20, 0.26).
The calculated forces from the positional scans are
plotted in Figure 5b1�b3, which show that re is a stable
equilibrium position as the forces are zero for at all
three directions, and the slope is negative when
scanned along each axis. The negative y-coordinate
of re indicates that the trap center is on the polystyrene
side of the sphere, which is in agreement with experi-
mental observations. The orientation of the sphere is
determined by torque balance. Figure 5c plots the
calculated torque when the particle is rotated around
the x-axis. At equilibrium, the Janus particle is orien-
tated at γx = �π/9, with the dividing plane between
coated and uncoated surface nearly vertical to the x�y

plane. This equilibrium orientation agrees with the
experimental observation that the dividing line is
always visible for the Janus particle in an optical trap.
The equilibrium x coordinate, however, is zero, right on
the symmetry plane of the particle, and the net torque
for the particle is also zero.
Numerical calculations for the ideally patterned

Janus particle in an optical trap confirm our qualitative
analysis that the symmetry of the particle prohibits
stable directional rotation. In experiments, however,

the patterns on a Janus particle cannot be perfectly
identical and evenly spaced. Many factors may con-
tribute to an imperfect pattern of the coating, includ-
ing particle polydispersity, the widths of particle
separation, and the orientation of contacting parti-
cles. To take into account the effect of pattern asym-
metry, we modify our particle model by decreasing
the size of one of the 6 concaved patterns. This
modification corresponds to a slightly larger separa-
tion between a Janus particle to one of its six neigh-
bors. In Figure 6a1, this smaller concave, or “defect”, is
indicated by a blue arrow, and the other five are
indicated by red arrows. The outlines of the regular
and “defect” concaves are shown in Figure 6a2 for
comparison. The ray optics algorithms are then ap-
plied to this modified Janus sphere model to search
for stable configurations.
For the Janus particle with uneven patterns, numeri-

cal calculations reveal two nonequivalent equilibri-
um positions with the particle center located at re =
(0.0007, �0.1965, 0.2625) and re = (�0.0007, �0.1965,
0.2625), on the two sides of the symmetry plane of the
sphere. For these two equilibrium centers, net torques
in the z-direction with values of 5.3 and �5.3 pN 3 nm
are obtained, which drive the Janus sphere to rotate in
the counterclockwise and clockwise directions around
z-axis, respectively. Under dynamical rotations, the
equilibrium positions of the trap center will shift
slightly to provide the needed force for the transla-
tional motion of the particle center. The orientation
angle in x-axis is nearly �π/9 with the dividing line
being visible from the top, in agreement with experi-
mental observations.

Figure 5. Numerical calculation for a symmetrically patterned Janus particle in an optical trap. (a) Schematic diagram of the
coordinates for calculation setup and the initial configuration of the particle. (b1�b3) Calculated forces when the Janus
particle is scanned along x, y, and z axis. Force components are represented by red (Fx), blue (Fy), and black (Fz). (c) Calculated
torque along x-axis (Mx) as a function of the rotational angle along x-axis (γx), with the particle center fixed at the equilibrium
position, and the rotational angle along y-axis (γy) is 0. The insets of (c) show the particle orientation at different γx (indicated
by dashed arrows), with the red arrows showing the rotational direction under the calculated torque.
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The deviation of the equilibrium positions from the
symmetry plane is the direct result of torque balance
around the y-axis. Figure 6b plots the torque for
different angular positions when the particle is rotated
around y-axis. A total of 4 angular positions are found
where the torque changes sign, of which 2 are stable
positions (large green circles). Any angular deviations
from these two stable positions will be countered by a
restoring torque as illustrated in Figure 6b. The two
unstable angular positions (large green triangles),
on the other hand, are two equivalent configurations
separated by π. At these two positions, the z�y plane
divides the Janus particle into two identical hemi-
spheres through the middle of the “defect”. These
two configurations, although highly symmetric, are
unstable, as any angular deviation will be accelerated
by a torque in the same direction. The barriers around
the two stable angular positions fix the relative orien-
tation between the Janus sphere and the trap center,
which then give rise to a positive or negative net
torque along the z-axis. Then, we calculate the net
torque as the Janus sphere is rotated around the beam
center and find that the torque is independent of
angular positions of the Janus particle, providing a
stable driving torque for continued rotations.

Thus, our calculations show that in the presence of
uneven boundary lines, the system will settle at a
stable state of lower symmetry, while the most sym-
metric states are unstable. These characteristics are the
hallmarks of spontaneous symmetry breaking such as
spontaneous magnetization, commonly found in con-
densed matter systems.44 In fact, two separate sym-
metry breaking processes can be identified in our
system. One of the processes is the orientation of the
Janus sphere around x-axis illustrated in Figure 5c. In
this case, the most symmetric configuration with the
gold-coated hemisphere directly facing the illuminat-
ing laser is unstable. Instead, the particle assumes an
orientation in which the gold cap is off-axis to the laser
beam, where the torque from scattering forces is zero.
The other symmetry breaking process is along the
y-axis, which results the observed bistable rotation.
The unevenly patterned Janus sphere canbe separated
into a perfectly patterned sphere and an extra cap of
gold coating at the defect site. When placed at the
most symmetric configuration, with the defect directly
facing the incident light, the perfectly patterned sphere
does not provide any torque, as our analysis showed
earlier. The extra gold cap, on the other hand, experi-
ences strong repulsive forces from the scattering laser.
A small deviation from the symmetric configurations
will create a net torque that drives the defect toward a
position that minimizes the scattering forces. The insets
of Figure 6c,d show that, at stable configurations, the
“defect” is indeed off-axis with the optical beam.
So far our calculations have recovered the key

experimental observations for a patterned Janus par-
ticle in an optical trap, and reveal that spontaneous
symmetry breaking plays a critical role to the function
of a Janus microrotor. Even though the calculation is
performed on a very specific case of asymmetry, the
underlying mechanisms are generally applicable.
To demonstrate that the shape of the dividing line

between coated and uncoated surfaces is indeed an
important factor to the generation of stable rotation of
a Janus particle in an optical trap. We perform a control
experiment on Janus particles whose dividing lines are
flat. These particles are obtained by drying an extre-
mely dilute suspension of polystyrene particles so that
the particles are individually deposited on a glass slide
without contacting neighbors. Details of this procedure
are found in the Supporting Information.When captured
by an optical trap, a Janus particle with flat dividing lines
does not show any sustained directional rotation, only
randomly vibrates near the trap center (see Video S5).
The asymmetry of the dividing line is apparently not
sufficient to create energy barriers that can maintain
configurations for continued directional rotation.

CONCLUSION

We demonstrate a simple method to construct and
operate a bistable microrotor consisting of a Janus

Figure 6. Calculations on an asymmetrically patterned
Janus particle in an optical trap. (a1) The schematic of an
asymmetrically patterned Janus particle. Red arrows point
to regular concave patterns, and the blue arrow indicates
the location of the “defect” pattern. (a2) The outlines of a
regular concave pattern (red) and the “defect” concave
(blue) (drawn to scale). (b) Calculated torque along y-axis
(My) as a function of γy, with γx fixed at 0. Green circles
indicate stable equilibrium angular positions, and green
triangles indicate unstable equilibrium angular positions
(shownbydashed arrows). Inset of (b) illustrates the angular
position at different unbalanced angular positions, with
blue arrows indicating the location of the defect, and green
arrows showing the rotational direction from the non-zero
torque. (c and d) The net torque (in z-axis direction) as a
function of R (the same R in Figure 3b1) for counterclock-
wise (c) and clockwise rotations (d). The location of the
defect is shown by a blue arrow in the insets of (c) and (d).
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polystyrene colloidal particle with patterned gold coat-
ings. When illuminated by a focused laser, the Janus
particle can stably rotate around the optical axis. The
Janus rotor permits easy control of both the rate and
direction of rotation. Numerical analyses show that the
observed directional rotation is the result of sponta-
neous symmetry breaking induced by the uneven
patterns of metal coatings on the particles. Thus,
instead of relying on precise fabrication of the device,
our microrotor employs the inevitable imperfections

on a Janus particle to realize stable and controllable
rotation. Such microrotors have minimal requirements
on the driving field and can be produced in large
quantities at low costs. The reliability and flexibility of
these microrotors make them ideal candidates for
general applications in nano- and microdevices, such
as micropumps, microvalves, or micromotors that pro-
vide power to other devices. After calibration, they can
also function as microrheometers that probe local
rheological properties of fluids.

METHODS
Materials. 2,20-Azobis(isobutyronitrile) (AIBN, 98%, Sinopharm

Chemical) was purified by recrystallization in ethanol. Styrene
(98%, Sinopharm Chemical) was purified via passage through a
basic alumina column to remove the inhibitor before use. Ethanol
(95%, Beijing Tongguang), poly(vinylayrrolidone) (PVP, Mw =
30000 g/mol, Sinopharm Chemical) and concentrated sulfuric
acid (98%, Beijing Chemical) were used without further purifica-
tion. Deionized water was obtained from a Milli-Q water purifica-
tion system (Millipore, Bedford, MA).

Synthesis of Sulfonated Polystyrene Particles. Polystyrene parti-
cles were synthesized through a one-stage dispersion poly-
merization as described by Paine et al.41 Briefly, 95 mL of
ethanol and 1.0 g of PVP were added into a 250 mL three-neck
reaction flask equippedwith a condenser and a gas inlet. After a
homogeneous solution was formed at room temperature, the
flask was deoxygenated by bubbling nitrogen gas for 30 min.
AIBN (0.14 g) was dissolved in 20 g of styrene and was then
added into the reaction flask. The reaction continued for 24 h
while the solution was agitated by a magnetic stirrer. The
product was repeatedly centrifuged and washed with ethanol
and deionized water. The powder of polystyrene microspheres
was obtained by drying in vacuum at 30 �C. Then, 2.0 g of
polystyrene powder and 80 mL of concentrated sulfuric acid
were introduced to a round bottled flask. After ultrasonic
dispersion, the sulfonation was allowed to take place at 40 �C
under magnetic stirring for 3 h. After the product cooled to
room temperature, it was again purified by repeated centrifu-
gation and washing by deionized water.

Trapping and Driving the Janus Particle by Focused Laser. Janus
particles/water suspension (1.3 μL) was loaded between two
cover glasses and hermetically sealed using optical glue
(Norland 65). The particles were confined to move freely in
the x�y planes, but not in the z-direction. An optical trap was
generated by focusing infrared laser (Nd:YVO4, Coherent Com-
pass 1064 nm) through an oil-immersion objective (Leica, HCX
PL APO, �100, NA = 0.7�1.4). The maximum laser power after
the objective was measured to be 114 mW. The images of the
Janus particles were recorded by a CCD cameramounted on the
microscope at 21 frames/s.

Characterization of the Motion of a Janus Particle in an Optical
Trap. The position and orientation of the rotating Janus particles
were determined using digital image analysis technique. To
locate the center of the particle, a mask was used to locate the
bright ring around the Janus particle, and the geometric center
of the ring was determined to be the particle center. The
orientation of the was is extracted by rotating the particle
image on the first snapshot and searching for the rotating angle
with the highest image correlation. The average rotation speed
was measured using recorded video images by counting
the number of rotation cycles in a given time. The error bars
represent variations from different measurements.
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