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Lecture Overview

• Momentum of light and optical tweezers

• Plasmon resonance and stimuli responsive gels

2



Beam-powered propulsion or Light craft (video)

• Solar (light) Sails 
– Radiation pressure exerted by the light source
– Einstein’s relation: p = E/c (E: energy of the photon or flux, c: speed of light)

– Thin reflective mirror

– Analogous to sailing boat; light-mirror vs wind-sail

• Laser-energized Rocket
– Thermal rockets: Laser beam heats the liquid propellant and converts 

it to gas. Exhaust.

– Ablative propulsion: External pulsed-laser burn off a plasma plume 
from a solid metal propellant or evaporate/sublimate material. 
Ablated material applies a pulse of high pressure to the surface 
underneath as it expands (hammer).
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Optical Lift

• Analogous to aerodynamic lift

• Cambered refractive object with differently shaped top and bottom 
surfaces: experience transverse lift under uniform stream of light

• A few milliWatts of focused laser generate force in picoNewton range

• Gradient force is negligible, 

• Light scattering generates the lift
• Hemicylinders

• Stable attack angle: 55
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Optical Lift
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Light-matter interactions

• Thermal forces (radiometric forces)
– Temperature gradients in the medium surrounding the object
– Thermal expansion of solids

– Thermophoresis of microparticles

– Phase transitions (liquid-gas-plasma)

– Thermocapillary convective flows 

• Radiation pressure
– Transparency

– Refractive index
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Optical tweezers

• Maxwell: Momentum transfer from the electromagnetic field to an object, 
due to absorption or reflection, should result in a radiation pressure in the 
propagation direction of the wave.

• Optical potential well or optical bottle

– Tailor the properties of electromagnetic field to generate a pattern of 
intensity gradients that can act as a 3D trap

– Adjusting the location of the trap allows the particle to be moved
– Optical forces act in a highly localized space

– Particle size and refractive index difference matter

• Spatial light modulators (liquid crystal displays) create holographic optical 
patterns and multiple optical traps
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Optical tweezers (video)

• Non-uniform spatial distribution of light in the vicinity of the beam focus: a 
gradient force

• A scattering levitation force along the beam axis: harmonic oscillator
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E: total electric field acting on the surface element
ϵ : Dielectric constant
n: Unit surface normal
δ : Dirac delta function centered at the material surface

Optical force at a single point on the surface



Optical tweezers and biophysics
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Beam shaping with diffractive elements

• Microfabricated diffractive optical elements
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Figure 2. Examples of elaborate laser modes generated by diffractive elements. A) A ’non-diffracting’ zero-order Bessel beam generated by a diffractive
axicon, offering an axially extended high-intensity central core that has the ability to reconstruct itself after passing an obstacle. B) A ’non-diffracting’
Airy beam generated by a diffractive cubic phase mask in the back focal plane of a convex lens. This mode propagates along a parabolic trajectory, in
contrast with a Bessel beam. C) Optical vortex with a topological charge of l = 3 generated by a helical phase mask and focused by a lens. The on-axis
phase singularity leads to the characteristic annular intensity. The helical wavefronts of such fields indicate that they possess orbital angular momentum
that can be transferred to matter. Figure and caption reproduced with permission.[42] Copyright 2011, Springer Nature.

microfabricated diffractive optical elements, are widely used for
beam-shaping. Alternatively, holographic methods, typically
based on the use of a spatial light modulator (SLM), can pro-
vide flexible beam-shaping when combined with the proper
algorithms.[50] SLMs are commonly used as phase-only beam-
shaping devices, since amplitude modulation can decrease
the available optical power.[42] Some examples of elaborate
laser modes—Bessel, Airy, and Laguerre–Gaussian beams—
generated with the aid of diffractive elements are shown in
Figure 2.[42] Shaping a Gaussian beam into two stripe-like
elongated beams with opposite transverse momenta was re-
cently used to generate “tug-of-war” tweezers.[51] An optical
Archimedes’ screw was recently reported by Hadad et al.[52] An
optical twister, a diffracting beamwith a spiral profile on both the
amplitude and phase of the beam, was reported by our group.[53]

Furthermore, our group has pioneered Generalized Phase Con-

trast (GPC), a phase-only beam-shapingmethod, in the ‘90s.[54–56]

The theory and applications of GPC are described in the book by
Glückstad and Palima[57] and the forces involved in GPC-based
optical trapping are discussed in Rodrigo et al.[58]More recently,
a hybrid method between holography and GPC, Holo-GPC,
was developed.[59] Holo-GPC combines the advantages of GPC
and holography and can be used for generating well-defined,
speckle-free light shaping with extended 3D volume distribution.

2.4. Approaches for Generating Single and Multiple Optical Traps

The first optical trap was reported in 1970 by Arthur Ashkin and
was based on two counterpropagating, coaxially aligned beams.[1]

Ashkin’s groundbreaking paper described two other potential de-
signs for optical trapping: i) single-beam gradient force traps,
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Optical trapping systems
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Digital holograms

• A large number of optical tweezers

12



Holographic optical tweezers

• A dielectric particle approaching a focused beam of light is polarized by 
the light's electric field and then drawn up intensity gradients toward the 
focal point. Radiation pressure competes with this optical gradient force 
and tends to displace the trapped particle along the beam's axis.

• An optical trap can be placed anywhere within the objective lens' focal 
volume by appropriately selecting the input beam's propagation direction 
and degree of collimation

• Multiple beams entering the lens' input pupil simultaneously each form 
optical traps in the focal volume, each at a location determined by its 
degree of collimation angle of incidence

• Link: https://physics.nyu.edu/grierlab/dynamic4c/
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On Brownian Motion

• An optical trap with 75 MHz bandwidth and sub-angstrom precision
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On Brownian Motion

• Multiple regimes

• Random movement of Brownian particles in a liquid at large timescales

• Einstein and Robert Brown

• Ballistic motion at small scales: After receiving an impulse from the 
surrounding fluid molecules, the particle flies in a straight line with 
constant velocity before collisions with fluid molecules slow it down

• Langevin

• Hydrodynamic memory effect: Inertia of the fluid leads to long-lived 
vortices caused by and in turn affecting the particle’s motion

• Vladimirsky and Hinch (added mass)
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Optically actuated microtools

• Cell stimulation with optically manipulated drug-loaded polymer 
particles (2 um)
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Optically actuated microtools

• Multiple source of Cytochalasin D (actin depolymerization)
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Optically actuated microtools
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Optically actuated microtools
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Optically actuated microtools
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Optically driven valves and pumps

• Structures assembled from colloidal particles
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Optically driven valves and pumps
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Optically driven valves and pumps
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croparticles collected in a single optical trap will orient
themselves preferentially along the axial path of the laser
beam.17 When placed in a photosensitive solution this orien-
tation can be locked in by selectively trapping and polymer-
izing multiple microspheres in the focus of a trapping laser
beam. Using this approach, linear structures composed of
multiple microspheres can be created !see Fig. 1".

In addition to simple linear chains #Figs. 2!a"–2!c"$,
combinations of different sized spheres can be used to create
heterogeneous structures as shown in #Figs. 2!d" and 2!e"$
where relatively large 3 %m silica spheres !Bangs Laborato-
ries, Inc., Fishers, IN" are polymerized with 1.5 %m silica
spheres !Bangs Laboratories, Inc., Fishers, IN". Furthermore,
linear chains can be polymerized together to form more com-
plicated structures, including the ‘‘X ,’’ ‘‘Y ,’’ and ‘‘L’’ geom-
etries shown in Fig. 2!f".

To illustrate the utility of these microstructures, we have
constructed a particulate valve consisting of a 3 %m silica
sphere photopolymerized to the end of seven 0.64 %m silica
colloids. Due to polymerization around the smaller micro-
spheres, the width of structures created were typically
&1.5 %m. For valve fabrication, linear structures, initially
fabricated in a deeper region of the network to allow for long
chains, were optically maneuvered into an 11-%m-wide and
3.2-%m-deep straight section of the PDMS microfluidic
channel. Once the structure was maneuvered into the chan-
nel, the 3 %m sphere was positioned and held next to the wall
allowing the remaining structure to rotate freely in the mi-
crochannel. The length of the entire check-valve structure
was approximately 15 %m restricting its rotation to an angle
of approximately 45°. At 45° the valve interrupted the trans-
port of colloids across the entire channel width while allow-
ing unobstructed fluid flow.

A simple test of this check valve was conducted by
manually manipulating the flow rate and direction while ob-
serving the movement of the valve and tracer particles within
the flow. In Fig. 3!a", flow of approximately 0.7 nl/h caused
the valve arm to swing across the channel, restricting the
flow of the 3 %m tracer particles. The valve only restricted
the flow of 3 %m spheres while allowing a smaller 1.5 %m
sphere to pass through. Alternately, in Fig. 3!b", flow of ap-
proximately 2 nl/h pushed the valve arm against the channel
wall allowing particulates in the flow to pass. This test illus-
trates the ability of the valve to selectively restrict the flow of
large particles during back flow while allowing passage of all
spheres during forward flow. This small size and the maneu-
verability of the valve design also allow for arbitrary place-
ment or repositioning of the valve throughout the entire
channel network.

A second design actively directs particulates to one of
two exit channels. The linear structure used in this device is
identical in construction to the previously described check
valve and differs only in its placement and actuation. The
valve shown in Fig. 3!c" was optically maneuvered into a
wide rectangular section from which 6 %m channels exit at
the top and bottom edges. As the valve structure was rotated
about its swivel point the top or bottom channel is sealed,
directing flow of particulates toward the open channel. In
Fig. 3!c", the valve structure is in a position to direct 3 %m
spheres to the upper channel. In Fig. 3!b", the valve is moved
to direct particulates to the lower channel. For both positions
flow rates of approximately 1–2 nl/h were used.

FIG. 1. Multiple 0.64 %m silica particles oriented in an optical trap photo-
polymerized together by the trapping beam.

FIG. 2. A variety of homogeneous !a–c, f" and heterogeneous !d,e" colloidal
structures can be created with this approach.

FIG. 3. Operation of the particulate check valve in the !a" closed position
and in the !b" open position, where the arrows indicate the direction of fluid
flow. The particulate three-way valve !c" blocking the bottom exit channel
and !d" the top exit channel. The tracer particles consist of 3.0 and 1.5 %m
silica colloids.
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where ωr is a column vector representing the rotation rates of the
rotors, Ctr is a matrix expressing the hydrodynamic coupling
between the rotors and the target particle and vt is the resultant
velocity of the target in the x–y plane. The components of Ctr are
derived from the friction tensor, and in each iteration of the
feedback loop we solve for the rotor rates ωr that achieve the
target velocity vt required to push it towards the desired location.
We note that the Langevin equation is nonlinear (in particle
position), meaning that the elements of Ctr depend upon the
configuration of all of the particles in the system. To
accommodate this, we must recalculate a new Ctr at every
iteration of the feedback loop, and ensure that the loop runs fast
enough so that there is only a small change in particle
configuration from one iteration to the next.

The hydrodynamic interactions of complex-shaped objects
such as our rotors can be modelled by representing them as rigid
shells of small hydrodynamically coupled beads29. However, to
enable real-time flow-field calculation, we reduce the complexity

of the model by treating each rotor as a single spherical particle,
which gives a good approximation to the flow field generated by
the wheel-shaped micro-rotors. Details of the algorithm and
equations can be found in Supplementary Notes 1–4, and we will
see later that our mathematical framework is quite general and
naturally extends to systems with arbitrarily positioned rotors,
more rotors than the number of target degrees of freedom and
arbitrary rotor geometries.

Hydrodynamic clamping of a single particle. To characterise the
precision of the optically actuated hydrodynamic trapping system,
we first task the feedback loop to maintain a target object at a fixed
location, thus suppressing its Brownian motion in directions
parallel to the focal plane of the microscope (the x–y plane).
Figure 2, and Supplementary Video 1, show that we can ‘clamp’
(i.e. limit) the Brownian fluctuations of a 5 μm radius silica bead
in water to a standard deviation of 79 nm. We note that in all of
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component, they frequently adhere to each other. Therefore, 
although manufacturing an articulated mechanism using two-
photon absorption is achievable, controlling of the same mul-
ticomponent mechanism under laser light is a challenge due 
to the domination of adhesion forces at the microscale. The 
required force to detach the adhered components of the artic-
ulated mechanisms can be achieved by using magnetic actua-
tion, acoustic actuation, or oscillatory flow.[17,31,36] However, the 
maximum forces exerted by optical tweezers are in the sub-
nanoNewton range and this is not sufficient to overcome effec-
tive adhesion forces at the microscale depends on the contact 
surface areas.[6] Therefore, in this study, the possibility of over-
coming adhesion forces and dexterous control of the articulated 
microrobots for out-of-plane rotational motion using laser light 
was investigated. To the best of our knowledge, there have been 
no reports about optically driven microrobots, which are multi-
component mechanisms and entirely mobile.[20]

In this paper, for dexterous cell handling purposes, the 
design, fabrication, and control of a mobile articulated micro-
robot under laser beam were studied. An articulated microrobot 
was designed considering the input (laser trap motion) can only 
be in-plane motion and the output should be out-of-plane rota-
tion. Additionally, the contact area between each component 
of the articulated robot was minimized to reduce the adhesion 
force problem. Different orientations of the target microrobot 
during the fabrication and manipulation stages were inves-
tigated to further mitigate adhesion force by utilizing gravity. 
Subsequently, the required OT power for stable handling of the 
articulated mechanism was analyzed. The optical manipulation 
of the articulated microrobots was demonstrated with a focus 
on out-of-plane rotational motion capability.

By an indirect approach to optical tweezers manipulation, 
in-plane translational, and rotational motions are feasible; 
however, out-of-plane rotational motion is not an option in the 
case of the single rigid body end effectors (see Figure S1.1, 
Supporting Information). Therefore, few potential articulated 
mechanisms were studied. The main goal of the study was 
that the input should be planar motion and the output should 

be out-of-plane rotation. There are certain types of parallel 
mechanisms that can achieve this task (see Figure S2.1a, Sup-
porting Information). The fundamental challenge of these par-
allel mechanisms is multiple joints in their structure. Thus, 
if only one joint does not work due to adhesion forces at the 
microscale, the system will not be able to deliver the required 
output motion. Hence, a simpler articulated mechanism that 
can achieve the aforementioned task was designed with only 
one joint and two contact points (see Figure S2.1b, Supporting 
Information).

The design and scanning electron microscopy (SEM) image 
of the proposed mechanism are shown in Figure 1a,b. The 
design consisted of two components: a base and a mobile head, 
and they were connected to each other at two locations. The 
size of the mechanism was optimized considering the visible 
space under an optical microscope (40 × 50 µm2), the force 
produced by laser irradiation for optical trapping (hundreds 
of pico-newton) and, the resolution of the direct laser writing 
system (several hundred nanometers). Dimensional details 
of the design are shown in Figure S3.1 (Supporting Informa-
tion). The minimum feasible diameter of the straight rod of the 
mobile head (the part in contact with the basement) was deter-
mined to be 1.2 µm. A smaller diameter might result in the rod 
bending during manufacture or optical manipulation. For the 
proposed micromechanism, three different designs with dif-
ferent contact surface areas were investigated (see Figure 1c–h). 
The calculated contact area between the base component and 
mobile head was 0.1 µm2 for design 1, 0.01 µm2 for design 2, 
and 0.2 µm2 for design 3, considering the resolution of printing 
as 0.1 µm (see Figure S4.1 and Table S4.1, Supporting Informa-
tion). To identify the effect of adhesion forces, optical manipu-
lability experiments (40 trials) for each design were carried out. 
The manipulation success rate (in overcoming adhesion forces) 
with respect to the printing laser power is shown in Figure 1i. 
A successful manipulation is defined as one wherev the mobile 
head of the manufactured mechanism can be optically manipu-
lated; it is not sticking to the basement component due to the 
adhesion forces. Only a power range of 30–70 mW was useful to 

Adv. Optical Mater. 2017, 5, 1700031

Figure 1. The design of the articulated microrobot. a,b) The entire mechanism, which is the combination of two components and SEM image of the 
structure. c,d) Design1: a close view of the contact area between two components. e,f) Design2: a reduced bearing thickness for a smaller contact 
area. g,h) Design3: a sawtooth ring aiming to decrease the contact area. i) The success rate (optical manipulability) of each design with respect to 
particular printing power.
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the probe had a smaller contact area with the object—the release task 
was more successful because this reduced the effectiveness of adhesion. 
Two drops of aqueous solution containing distilled (DI) water and 0.5% 
surfactant (Tween 20 Sigma-Aldrich) were added to the structures before 
putting the microscope slide, containing the microrobots, under the 
OT. DI water provided the required medium for optical trapping where 
the surfactant alleviated the effect of adhesion forces in an aqueous 
environment.

Optical Actuation of the Multicomponent Microrobots: To trap and 
manipulate the microrobots, a commercially available optical tweezer 
(Elliot Scientific, E3500) integrated into an optical microscope (Nikon, 
ECLIPSE Ti) was used. There were two kinds of laser sources in the 
system: a high power fiber laser to manipulate particles and a low power 
fiber laser for probing the beam. For trapping and manipulation, a 
Ytterbium fiber laser (YLM-10-LPSC), which emits 1070 nm wavelength 
light with a power of up to 10.6 W (this is the optical output, the power 
reaches to the particle is around tens of mW), was utilized. The laser 
beam was conveyed to the sample through mirrors, lenses, and a 100X 
oil immersion objective (Nikon, Plan Apo Oil). To achieve multispot 
traps of the laser beam, a 2-axis Acousto-Optic Deflector (AOD) 
(IntraAction Corp., DTD-274HA6) was implemented. Therefore, the 
manipulation of tens of micro-objects simultaneously is feasible. AOD 
manipulates the position of the laser beam by altering the acoustic 
frequency with 60 kHz. Using AOD, all the created traps are in the same 
focal plane. Therefore, out-of-plane rotation is not an option. However it 
is much faster system to create and manipulate multiple traps compared 
to Holographic optical tweezers. Additionally, for stable trapping of the 
target object, the amount of power, location of the focus of the beam in 
3D, and the surface and material of target structure are important. As 

long as the target object is dielectric with a suitable shape and, if the 
location and power of the laser beam are optimized, optical tweezers 
should be able to trap the target object stably.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 3. Optical manipulation of the articulated microrobot. a) Robust control of the mobile head with respect to various angles, while the basement 
component is fixed to the glass substrate. b) An entirely mobile microrobot performs in-plane rotational motion of head component for 180°, while 
the basement is immobilized using two optical traps. c) An entirely mobile microrobot performs out-of-plane rotational motion. The head component 
rotates for 40°, while the basement is fixed using optical traps.
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inside the photopolymer and has no contact with the coverslip.
Different approaches for the optical trapping and movement of
complex microstructures with arbitrary shapes were studied, for
example, multiple trapping spots24, controlled torque by aligning
linear polarized light25,26, or customized beam shapes27. In this
particular case, four spheres are attached to the nut and have
sufficient ease of handling to generate the four trapping spots
(Figure 3b). Optical forces can act on these trapping handles and
provide stable movement and rotation of the nut in all
dimensions. The spheres are 4 μm in diameter. In addition, one
handle is marked with a small cylindrical structure to enable
monitoring of the nut orientation under the microscope. To
reduce surface contact with the coverslip and reduce adhesion
effects, four spacers are attached to both sides of the nut.
Because the nut is freely movable, it can easily be washed away

from its generated position during the development process. The
time for relocalization of the produced nut was significantly
shortened by using a compartment structure28,29. This compart-
ment structure envelopes the nut and prevents it from being
washed away during the development process. A section view of
the compartment structure is shown in Figure 3c; it is fixed on the
coverslip and has uniform perforated holes with diameters of
~ 1 μm. Through these holes, the development process can be
accomplished. In comparison to the screw and nut, the

compartment structure does not need to be produced with a
high level of detail. To reduce the processing time, the line
distance can be adjusted to 0.5 μm.
After the exposure process of all three components is complete,

the coverslip is sealed to an aluminum part with a circular hole of
10 mm, which forms the sample chamber. The developer is filled
into the hole and the sample chamber is sealed with another
coverslip on top of it.

RESULTS
Releasable screw connection
The sequence of microscope images in Figure 4 demonstrates a
releasable connection of the screw- and nut-shaped microstruc-
tures. By generating four optical trapping spots with a total laser
power of 174 mW (measured after the SLM), the nut can be
trapped at its four handles, moved, and positioned over the screw,
which is highlighted by the inserted rings (a). Next, the nut is
lowered axially until it touches the top of the screw (b). It should
be noted that the camera is mounted under the microscope
objective and that the images are captured from below through
the coverslip. Consequently, the microscope images are mirrored.
In addition, it is notable that as the compartment structure and its
perforation become sharper the higher the nut is lifted. In
addition, this can be used to estimate the axial height of the
trapping spots. While rotating the trapping spots counterclock-
wise, the nut follows, as indicated by the marked trapping handle
and the inserted arrows, and a connection is established (c).
During rotation, the axial position must be adjusted. After
screwing the components together, the connection can be tested
by raising the axial position (d). It can be demonstrated that the
contour of the nut becomes blurred, which indicates that it cannot
be lifted by optical forces and a stable connection can be
assumed. The nut can be unscrewed by rotating it clockwise, as
indicated by the inserted arrows (e). After disassembly, the nut can
be released (f) and positioned beside the screw (g).
To analyze the screw connection with high resolution by

scanning electron microscope (SEM), a different compartment
structure is crucial. The compartment structure described limits
the visibility inside, and the screw connection cannot be studied.
Therefore, the compartment must be redesigned as a maze-like
structure (Figure 5a). The nut is fabricated inside and the screw is
positioned outside in front of the compartment structure. Thus,
the nut is prevented from washing away during the development
process and, at the same time, it can be trapped and guided
outside to the screw. After screwing the components together, the
sample can be dried, sputtered, and investigated using SEM.
Figure 5b shows a stable connection of the microcomponents
with a high level of detail.

Micro-rotor assembly and actuation
The rotational motion of microstructures in microchannels can be
used to mix different liquid samples or induce directed flow30. In
the following paragraphs, the optical assembly technique
presented is applied to such a microfluidic application. A micro-
rotor is manufactured by 2PP and optically assembled and
actuated. The screw connection is used to hold the rotor on its
rotational axis. In general, the flow fields generated in a
microchannel can also be investigated using HOTs31.
SEM images of the three microcomponents used are shown in

Figure 6. The axis (a) is fixed on the coverslip. The axis can be
divided into a cylinder at the bottom, which is used as the
rotational axis and a screw thread on top. The freely movable rotor
(b) can be moved optically and positioned due to the four
trapping handles. Here, a simple rotor geometry with four blades
to displace the surrounding fluid during the rotation is selected.
However, with the use of the 2PP technique, the fabrication of
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Figure 3 Schematic depictions, SEM images, and technical drawings
of the screw (a) and nut (b) are shown. (c) To prevent the nut from
washing away during the development process, the microstructures
are enveloped by a compartment structure, which is illustrated by
the section view. SEM, scanning electron microscope.
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the compartment structure is shown in Figure 3c; it is fixed on the
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power of 174 mW (measured after the SLM), the nut can be
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which is highlighted by the inserted rings (a). Next, the nut is
lowered axially until it touches the top of the screw (b). It should
be noted that the camera is mounted under the microscope
objective and that the images are captured from below through
the coverslip. Consequently, the microscope images are mirrored.
In addition, it is notable that as the compartment structure and its
perforation become sharper the higher the nut is lifted. In
addition, this can be used to estimate the axial height of the
trapping spots. While rotating the trapping spots counterclock-
wise, the nut follows, as indicated by the marked trapping handle
and the inserted arrows, and a connection is established (c).
During rotation, the axial position must be adjusted. After
screwing the components together, the connection can be tested
by raising the axial position (d). It can be demonstrated that the
contour of the nut becomes blurred, which indicates that it cannot
be lifted by optical forces and a stable connection can be
assumed. The nut can be unscrewed by rotating it clockwise, as
indicated by the inserted arrows (e). After disassembly, the nut can
be released (f) and positioned beside the screw (g).
To analyze the screw connection with high resolution by

scanning electron microscope (SEM), a different compartment
structure is crucial. The compartment structure described limits
the visibility inside, and the screw connection cannot be studied.
Therefore, the compartment must be redesigned as a maze-like
structure (Figure 5a). The nut is fabricated inside and the screw is
positioned outside in front of the compartment structure. Thus,
the nut is prevented from washing away during the development
process and, at the same time, it can be trapped and guided
outside to the screw. After screwing the components together, the
sample can be dried, sputtered, and investigated using SEM.
Figure 5b shows a stable connection of the microcomponents
with a high level of detail.
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The rotational motion of microstructures in microchannels can be
used to mix different liquid samples or induce directed flow30. In
the following paragraphs, the optical assembly technique
presented is applied to such a microfluidic application. A micro-
rotor is manufactured by 2PP and optically assembled and
actuated. The screw connection is used to hold the rotor on its
rotational axis. In general, the flow fields generated in a
microchannel can also be investigated using HOTs31.
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Figure 3 Schematic depictions, SEM images, and technical drawings
of the screw (a) and nut (b) are shown. (c) To prevent the nut from
washing away during the development process, the microstructures
are enveloped by a compartment structure, which is illustrated by
the section view. SEM, scanning electron microscope.
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Figure 4 The sequence of images (a–g) show assembly and disassembly of the nut and screw with the use of the optical screw-wrench
(inserted rings and arrows indicate the screw and rotation directions, respectively). A releasable screw connection can be realized.

30 µm 30 µm 4 µm

a b

Figure 5 (a) Schematic depiction of the maze-like compartment. Using optical forces, the nut can be guided outside and assembled with the
fixed screw. (b) The SEM image shows a stable screw connection of the microcomponents.

Optical screw-wrench
J Köhler et al

4

Microsystems & Nanoengineering doi:10.1038/micronano.2016.83



Optical screw-wrench

• Microassembly

32

Positioning

Lowering

Screwing
together

Testing
connection

Unscrewing

Lifting

Positioning

20 µm

a

b

c

d

e

f

g

Figure 4 The sequence of images (a–g) show assembly and disassembly of the nut and screw with the use of the optical screw-wrench
(inserted rings and arrows indicate the screw and rotation directions, respectively). A releasable screw connection can be realized.

30 µm 30 µm 4 µm

a b

Figure 5 (a) Schematic depiction of the maze-like compartment. Using optical forces, the nut can be guided outside and assembled with the
fixed screw. (b) The SEM image shows a stable screw connection of the microcomponents.

Optical screw-wrench
J Köhler et al

4

Microsystems & Nanoengineering doi:10.1038/micronano.2016.83



Optical screw-wrench

• Microassembly

33

Positioning

Lowering

Screwing
together

Testing
connection

Unscrewing

Lifting

Positioning

20 µm

a

b

c

d

e

f

g

Figure 4 The sequence of images (a–g) show assembly and disassembly of the nut and screw with the use of the optical screw-wrench
(inserted rings and arrows indicate the screw and rotation directions, respectively). A releasable screw connection can be realized.

30 µm 30 µm 4 µm

a b

Figure 5 (a) Schematic depiction of the maze-like compartment. Using optical forces, the nut can be guided outside and assembled with the
fixed screw. (b) The SEM image shows a stable screw connection of the microcomponents.

Optical screw-wrench
J Köhler et al

4

Microsystems & Nanoengineering doi:10.1038/micronano.2016.83



Optical reaction turbine

• Exploiting light’s momentum to generate torque
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Optical reaction turbine

• Design to optimize momentum transfer (garden sprinkler)
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Optical reaction turbine
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• Guided propagation of light
• Maximize reaction torque while minimizing losses due to bending of the 

structure
• Source of losses: coupling, splitting, bending



Optical reaction turbine
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Optical impulse turbine (light mill)

• Optical tweezers and radiation force

• Torque is induced by the scattering of light on an anisotropic object

38

The light beam
• Below the focal plane, has large 

forces pointing toward axis
• Above the focal plane, the forces 

are pointing away from the axis



Optoelectronic tweezers

• Using projected light patterns to form virtual electrodes on a 
photosensitive substrate
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Massively parallel manipulation of single cells and
microparticles using optical images
Pei Yu Chiou1, Aaron T. Ohta1 & Ming C. Wu1

The ability to manipulate biological cells and micrometre-scale
particles plays an important role in many biological and colloidal
science applications. However, conventional manipulation tech-
niques—including optical tweezers1–6, electrokinetic forces
(electrophoresis7,8, dielectrophoresis9, travelling-wave dielectro-
phoresis10,11), magnetic tweezers12,13, acoustic traps14 and hydro-
dynamic flows15–17—cannot achieve high resolution and high
throughput at the same time. Optical tweezers offer high resolu-
tion for trapping single particles, but have a limited manipulation
area owing to tight focusing requirements; on the other hand,
electrokinetic forces and other mechanisms provide high through-
put, but lack the flexibility or the spatial resolution necessary for
controlling individual cells. Here we present an optical image-
driven dielectrophoresis technique that permits high-resolution
patterning of electric fields on a photoconductive surface for
manipulating single particles. It requires 100,000 times less optical
intensity than optical tweezers. Using an incoherent light source (a
light-emitting diode or a halogen lamp) and a digital micromirror
spatial light modulator, we have demonstrated parallel manipu-
lation of 15,000 particle traps on a 1.3 3 1.0mm2 area.With direct
optical imaging control, multiple manipulation functions are
combined to achieve complex, multi-step manipulation protocols.
Light-patterned electrodes have been widely used in xerography,

which was invented in 194218. This concept was recently applied to
patterning of colloidal structures19,20; optically-induced electro-
phoresis was used to attract charged particles onto indium tin
oxide (ITO)19and semiconductor20 surfaces. However, none of the
previous literature has shown the capability of single-particle
manipulation. Our optoelectronic tweezers (OET) utilize direct
optical images to create high-resolution dielectrophoresis (DEP)
electrodes for the parallel manipulation of single particles. DEP
force results from the interaction of the induced dipoles in particles
subjected to a non-uniform electric field9. Themagnitude of the force
depends on the electric field gradient and the polarizability of the
particle, which is dependent on the dielectric properties of the
particle and the surrounding medium. DEP is a well established
technique, and has been widely used to manipulate micrometre and
submicrometre particles as well as biological cells21,22. Travelling-
wave DEP is particularly attractive for high-throughput cell manipu-
lation without external liquid pumping10,11. The travelling electric
field produced by a multi-phase alternating current (a.c.) bias on a
parallel array of electrodes levitates and transports many particles
simultaneously. However, travelling-wave DEP cannot resolve indi-
vidual particles. Recently, a programmable DEPmanipulator with an
individually addressable two-dimensional electrode array has been
realized using complementary metal-oxide-semiconductor (CMOS)
integrated circuit technology23: parallel manipulation of a large
number (,10,000) of cells was demonstrated. The CMOS DEP
manipulator has two potential drawbacks: first, the need of on-
chip integrated circuits increases the cost of the chip, making it less

attractive for disposable applications; and second, the trap density
(,400 sites mm22) is also limited by the size of the control
circuits.
Figure 1 illustrates the OET device structure used in our experi-

ments. The liquid containing the cells or particles of interest is
sandwiched between a upper transparent, conductive ITO-coated
glass, and a lower photoconductive surface, which consists of
multiple featureless layers of ITO-coated glass, an nþ hydrogenated
amorphous silicon (a-Si:H) layer, an undoped a-Si:H layer, and a
silicon nitride layer. These two surfaces are biased with an a.c. signal,

LETTERS

Figure 1 | Device structure used in optoelectronic tweezers. Liquid that
contains microscopic particles is sandwiched between the top indium tin
oxide (ITO) glass and the bottom photosensitive surface consisting of
ITO-coated glass topped with multiple featureless layers: 50 nm of heavily
doped hydrogenated amorphous silicon (a-Si:H), 1mm of undoped a-Si:H,
and 20 nm of silicon nitride. The top and bottom surfaces are biased with an
a.c. electric signal. The illumination source is an light-emitting diode
operating at a wavelength of 625 nm (Lumileds, Luxeon Star/O). The optical
images shown on the digital micromirror display (DMD) are focused onto
the photosensitive surface and create the non-uniform electric field for DEP
manipulation.

1Department of Electrical Engineering and Computer Sciences, and Berkeley Sensor and Actuator Centre (BSAC), University of California at Berkeley, California 94720, USA.
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Optoelectronic tweezers

• High-resolution dielectrophoresis (DEP) electrodes

• Induced dipoles in particles subjected to non-uniform electric field

• Electric field gradient and polarizability of the particle

– Dielectric properties of the particle and the medium

40

322 NATURE PHOTONICS | VOL 5 | JUNE 2011 | www.nature.com/naturephotonics

COMMENTARY | FOCUS

Optoelectronic tweezers
Using projected light patterns to form virtual electrodes on a photosensitive substrate, optoelectronic 
tweezers are able to grab and move micro- and nanoscale objects at will, facilitating applications far 
beyond biology and colloidal science.

Ming C. Wu

Optoelectronic tweezers (OETs) are a 
new optical manipulation concept 
that use projected optical images 

to grab and corral tiny particles with sizes 
ranging from hundreds of micrometres 
to tens of nanometres1,2. As the name 
suggests, OETs make use of both light 
and an electric bias to sculpt a potential 
landscape on a photosensitive substrate. 
Light !rst creates ‘virtual electrodes’ on 
the substrate, as shown in Fig. 1. "ese 
virtual electrodes locally concentrate the 
electric !eld in a manner similar to that of 
a lightning rod. "e resulting non-uniform 
electric !eld exerts forces on dielectric 
particles through an interaction with 
the induced dipole moments in both the 
particles and the surrounding media — a 
phenomenon known as dielectrophoresis 
(DEP)3. If the particle is less polarizable 
than the surrounding liquid, as is the case 
for polystyrene beads in water, it will be 
repelled by the light pattern. "is ‘light 
wall’ therefore con!nes the particle while 
still allowing exogenous chemicals to #ow 
freely around it.

OETs combine the advantages of 
two well-known particle manipulation 
techniques: optical tweezers and electrode-
based DEP. Optical tweezers, invented 
by Arthur Ashkin at Bell Laboratories 25 
years ago, are used to trap small objects 
at the brightest point of a tightly focused 
laser beam4. "is e$ect is also known as 
the optical gradient force because the force 
experienced by the object is proportional 
to the gradient of optical intensity. Optical 
tweezers are widely used in laboratories 
around the world for studying molecular 
motors and colloidal science. Holographic 
optical tweezers use many independently 
controlled tweezers to create arti!cial 
assemblies of cells, colloids and other 
objects in full three-dimensional space5. 
"e main drawback of optical tweezers 
is that forming stable traps requires high 
optical intensities (>105 W cm–2), which can 
damage fragile objects such as biological 
cells or nanoparticles. DEP, also known 
as the electrical gradient force, is the 

electrical analogue of optical tweezers. 
Traditionally, DEP is produced by !xed 
metal electrodes. Dynamic manipulation 
requires individually addressable two-
dimensional electrode arrays. "is has been 
realized by complementary metal–oxide–
semiconductor (CMOS) integrated circuits, 
but at the expense of higher chip cost6. "e 
resolution of the trap is limited by the size 
of the physical electrode. "e use of virtual 
electrodes in OETs achieves both dynamic 
optical addressability and large forces at 
low light intensities (~1 W cm–2). Because 
OETs convert light to electrical carriers, a 
coherent light source is not required, unlike 
optical tweezers. In fact, simple commercial 
digital projectors are perfect programmable 
light sources for use in OETs.

OET devices are conceptually similar 
to solar cells. Instead of generating 
photocurrents, the photogenerated carriers 
increase the conductance locally near the 
illuminated area, thus forming virtual 
electrodes. Amorphous silicon, which is 
widely used in solar cells and #at-panel 

displays, is an ideal photoconductor for 
OETs because it exhibits high resistance in 
the absence of light and high conductance 
under illumination. OETs can potentially 
be produced at low cost and in high 
volume using foundries for thin-!lm solar 
cells and #at-panel displays. "e annual 
production of these amorphous silicon 
products is su%cient to cover an area of 
100 km2 at a cost of less than US$100 m–2. 
OET devices the size of glass slides should 
therefore cost no more than a fraction 
of a dollar, making them attractive for 
disposable applications. Researchers have 
also explored OETs based on P3HT:PCBM, 
one of the promising organic solar-cell 
materials7. P3HT:PCBM can be spin-coated 
on glass, potentially at very low cost. "e 
polymer layer is protected by a thermally 
evaporated LiF thin !lm to prevent damage 
from exposure to water and oxygen. OETs 
have also been constructed from organic 
photoconductive materials such as titanium 
oxide phthalocyanine8, which is widely 
used in the xerographic photoreceptors of 
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Figure 1 | Optoelectronic tweezers. a, Experimental set-up1 and internal structure. Liquid-containing 
particles are sandwiched between a transparent electrode and a photoconductive (amorphous silicon, 
a-Si:H) electrode. Light patterns from a digital projector are imaged by an objective (×10) onto the 
device. The image, together with an a.c. electrical bias, generates ‘virtual electrodes’ that in turn create 
dielectrophoretic traps in the illuminated areas. DMD, digital micromirror device; ITO, indium tin oxide. 
b, An optical conveyer belt carrying 20-μm-diameter polystyrene particles. c, A shrinking light cage 
concentrates particles into a corner. d, A 4 × 5 array of individually addressable traps. e, A moving light 
comb pushes large 45-μm-diameter particles away, leaving small 20-μm-diameter particles behind. 
Figure reproduced with permission from: a, ref. 1, © 2005 NPG; c–e, ref. 10, ©2007 IEEE.

10V peak-to-peak. When projected light illuminates the photo-
conductive layer, it turns on the virtual electrodes, creating non-
uniform electric fields and enabling particle manipulation via DEP
forces. These featureless layers aremade without photolithography in
fabrication, making the device inexpensive and attractive for dis-
posable applications. The OET-based optical manipulation has two
operational modes, positive OETand negative OET, as a result of the
DEP forces induced for actuation. Particles can be attracted by or
repelled from the illuminated area, depending on the a.c. electric field
frequency and the particle’s internal and surface dielectric properties.
Thanks to the photoconductive gain, the minimum optical inten-

sity required to turn on a virtual electrode is 10 nW mm22, which is
100,000 times lower than that used in optical tweezers. This opens up
the possibility of using incoherent optical images to control the DEP
forces over a large area. The optical images are created by combining
a light-emitting diode and a digital micromirror spatial light modu-
lator (Texas Instruments, 1,024 £ 768 pixels, 13.68 mm £ 13.68mm
pixel size). The pattern is imaged onto the photoconductive surface
through a 10 £ objective. The resulting pixel size of the virtual
electrode is 1.52mm. The illumination source is a red light-emitting
diode (625 nm wavelength) with a 1-mW output power (measured
after the objective lens), which is sufficient to actuate 40,000 pixels.
Tight focusing is not required for OET, and the optical manipulation
area can be magnified by choosing an appropriate objective lens.
Using a 10 £ objective, the manipulation area (1.3mm £ 1.0mm) is
500 times larger than that of optical tweezers.
Patterning high-resolution virtual electrodes is critical for achiev-

ing single-particle manipulation. OET has higher resolution than the
optically-induced electrophoretic methods reported previously19,20.
The minimum size of the virtual electrode is limited by the lateral
diffusion length of the photogenerated carriers in the photoconduc-
tor, as well as the optical diffraction of the objective lens. The large
number of electronic defect states in undoped a-Si:H results in a
short ambipolar electron diffusion length of less than 115 nm
(ref. 24). The ultimate virtual electrode resolution is thus determined
by the optical diffraction limit. In addition, the induced OET force is

proportional to the gradient of the square of the electric field, making
it well confined to the local area of the virtual electrodes, which is also
a key property for single-particle manipulation. A demonstration of
the high-resolution capabilities of OET is the creation of 15,000 DEP
traps across an area of 1.3 £ 1.0mm2 (Fig. 2). The particles are
trapped in the darker circular areas by the induced negative DEP
forces, which push the beads into the non-illuminated regions, where
the electric field is weaker. The size of each trap is optimized to
capture a single 4.5-mm-diameter polystyrene bead. By programming
the projected images, these trapped particles can be individually
moved in parallel (Fig. 2b, and Supplementary Movie 1). Compared
with the programmable CMOS DEP chip23, the particle trap density

Figure 2 | Massively parallel manipulation of single particles. a, 15,000
particle traps are created across a 1.3mm £ 1.0mm area. The 4.5-mm-
diameter polystyrene beads experiencing negative DEP forces are trapped in
the darker circular areas. Each trap has a diameter of 4.5 mm, which is
adjusted to fit a single particle. b, Parallel transportation of single particles.
Three snapshots from the video show the particle motion in part of the
manipulation area. The trapped particles in two adjacent columns move in
opposite directions, as indicated by the blue and yellow arrows.

Figure 3 | An example of an integrated virtual optical machine.
a, Integration of virtual components, including an optical sorter path,
conveyors, joints and a wedge. The motion of different components is
synchronized. b, c, Two polystyrene particles with sizes of 10 mm and 24 mm
pass through the sorter path and are fractionated in the z direction owing to
the asymmetrical optical patterns. The particle trajectories can be switched
at the end of the sorter path by the optical wedge. d, Optical sorting
repeatability test. The white and black loops in b and c represent the
particle traces after 43 cycles. The trace broadening at the white bar has a
standard deviation of 0.5mm for the 10-mm bead and 0.15 mm for the 24-mm
bead.

Figure 4 | Selective collection of live cells from a mixture of live and dead
cells. a, Randomly positioned cells before OET. b, c, Cell sorting. The live
cells experience positive OET, trapping them in the bright areas, and pulling
the live cells into the pattern’s centre. The dead cells (stained with Trypan
blue dye) leak out through the dark gaps and are not collected. The optical
pattern has a yellowish colour, while weak background scattered light results
in a pinkish hue in the non-patterned areas. d, Sorted cells.
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Optoelectronic tweezers

• Low voltage: 10 V peak-to peak

• Optical intensity: 10 nW/µm2

– 100,000 times lower than that used in optical tweezers

• Pixel size: 1.52 µm with 10X objective

• 1 mW output power 625 nm laser: 40,000 pixels
• 1 mm x 1 mm manipulation area

– 500 times larger than that of optical tweezers 
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Optoelectronic microrobot

• Negative DEP force to hold microfabricated objects

42

a range of applications (18–27); here we describe its extension to
microrobotics, and propose that this combination may prove
useful for a variety of applications.

Results and Discussion
All OET work reported previously has relied on direct manip-
ulation of objects of interest (18–29). Here, we report the use of
OET to manipulate microrobots, which are in turn used to ma-
nipulate secondary objects in multiaxis, multistep operations.
Fig. 1A depicts a cross-sectional schematic of one of the micro-
robots; because arrays of microrobots can be generated in par-
allel, this procedure is extremely efficient, allowing for the
generation of tens of thousands of microrobots in about an hour
of work. This is inherently faster than the serial techniques that
are used to form the smaller microrobots that are actuated by
OT (5, 6, 15–17).
Microrobots with 3 different geometries were used in this

work. Fig. 1 B and C show representative scanning electron
microscope (SEM) images of “cogwheel”-shaped microrobots,
bearing a semienclosed central chamber with an opening on one
side. This motif has been used in the microfluidic community for
many years to trap single cells and particles (30–33); the critical
advance here is that the structure is movable (rather than sta-
tionary). Fig. 1 D–G shows representative SEM images of 2 other
microrobot geometries used here––a “box” design and a “space-
ship” design, also bearing semienclosed chambers. Note that each
of the microrobots is more than 200 μm across, much larger than
objects that that can be manipulated by OT-based techniques. The
3 designs were selected to serve as examples; the range of ge-
ometries is virtually unlimited.
After fabrication, the microrobots were transferred to a mi-

croscopy platform in which light patterns originating from a
consumer-grade projector are focused onto an OET device
bearing a photoconductor [in this case, a layer of hydrogenated

amorphous silicon, a-Si:H (28, 29)]. As shown in Fig. 1 H–J, the
light patterns were designed to form a negative relief of the
perimeter of each microrobot; for the parameters and materials
used here, this results in a “negative” DEP force that focuses the
microrobots into the “dark” centers of the projected patterns. As
illustrated in Movies S1 and S2, microrobots were made to move
across the device (at a given linear velocity in a horizontal axis)
by translating a device relative to a light pattern that was held
stationary, and/or to rotate (at a given angular velocity around a
central axis) by spinning the projected image relative to a device
that was held stationary. For either operation (translation or rota-
tion), the negative DEP forces were sufficient to cause the robots
to move at low velocities. As the velocities were increased, the
microrobots began to resist motion until they reached a “maximum”
velocity at which they escaped the trap [a phenomenon described
in detail in previous work (29)].
The maximum linear and angular velocities (as a function of

bias voltage) are shown in Fig. 1 K–M. For example, a maximum
linear velocity of 1.1 mm/s and a maximum angular velocity of 9.7
rad/s was observed for the cogwheel-shaped microrobot driven at
a bias of 25 Vp-p at 20 kHz (Fig. 1K). In general, all of the
microrobots were movable at low velocities, the cogwheel- and
box-shaped microrobots were movable at high linear velocities
(greater than 1 mm/s), and only the cogwheel-shaped microrobot
was movable at high angular velocities (greater than 9 rad/s).
Microrobot movement was also evaluated for microrobots with
different heights––those that are too short (e.g., 30 μm) or too
tall (e.g., 100 μm) are less stable than those with heights that are
between the 2 extremes (SI Appendix, Fig. S1 A–C). Finally, move-
ment was evaluated for microrobots formed from different materials
(e.g., silver nanoparticle-doped epoxy, SI Appendix, Fig. S1D).
Cogwheel-shaped robots formed from unmodified SU-8 (with 50-
μm height) were used for the remainder of the work, but the

Fig. 1. Optoelectronic microrobots. (A) Cross-sectional schematic of a cogwheel-shaped microrobot, formed from SU-8 on a sacrificial release layer. (B) SEM
image of a cogwheel-shaped microrobot. (C) SEM image of an array of cogwheel-shaped microrobots. (D–G) SEM images of box-shaped and spaceship-shaped
microrobots. Bright-field microscope images of (H) a cogwheel-shaped microrobot, (I) a box-shaped microrobot, and (J) a spaceship-shaped microrobot held in
place by OET light patterns. Illuminated and nonilluminated regions appear light and dark, respectively. Maximum linear (left axis, black) and angular (right
axis, red) velocities as a function of OET bias voltage for translating and rotating (K) cogwheel-shaped microrobots, (L) box-shaped microrobots, and (M)
spaceship-shaped microrobots (Movies S1 and S2). Error bars represent ±1 SD from 5 measurements for each condition. (N) Three-dimensional simulation of
an OET device in which a light pattern (purple) is projected onto an a-Si:H surface. XY plots at Z = 1.1 μm of simulated (O) electric potential distribution and (P)
electric field distribution for a device driven at 20 Vp-p (25 kHz), in which the simulated electric potential and field are indicated in heat maps (blue = low,
red = high). The axis dimensions in N-P are in micrometers.

14824 | www.pnas.org/cgi/doi/10.1073/pnas.1903406116 Zhang et al.

D
ow

nl
oa

de
d 

fro
m

 h
ttp

s:/
/w

w
w

.p
na

s.o
rg

 b
y 

EP
FL

 L
ib

ra
ry

 o
n 

A
pr

il 
3,

 2
02

2 
fro

m
 IP

 a
dd

re
ss

 1
28

.1
79

.1
65

.1
77

.

a range of applications (18–27); here we describe its extension to
microrobotics, and propose that this combination may prove
useful for a variety of applications.

Results and Discussion
All OET work reported previously has relied on direct manip-
ulation of objects of interest (18–29). Here, we report the use of
OET to manipulate microrobots, which are in turn used to ma-
nipulate secondary objects in multiaxis, multistep operations.
Fig. 1A depicts a cross-sectional schematic of one of the micro-
robots; because arrays of microrobots can be generated in par-
allel, this procedure is extremely efficient, allowing for the
generation of tens of thousands of microrobots in about an hour
of work. This is inherently faster than the serial techniques that
are used to form the smaller microrobots that are actuated by
OT (5, 6, 15–17).
Microrobots with 3 different geometries were used in this

work. Fig. 1 B and C show representative scanning electron
microscope (SEM) images of “cogwheel”-shaped microrobots,
bearing a semienclosed central chamber with an opening on one
side. This motif has been used in the microfluidic community for
many years to trap single cells and particles (30–33); the critical
advance here is that the structure is movable (rather than sta-
tionary). Fig. 1 D–G shows representative SEM images of 2 other
microrobot geometries used here––a “box” design and a “space-
ship” design, also bearing semienclosed chambers. Note that each
of the microrobots is more than 200 μm across, much larger than
objects that that can be manipulated by OT-based techniques. The
3 designs were selected to serve as examples; the range of ge-
ometries is virtually unlimited.
After fabrication, the microrobots were transferred to a mi-

croscopy platform in which light patterns originating from a
consumer-grade projector are focused onto an OET device
bearing a photoconductor [in this case, a layer of hydrogenated

amorphous silicon, a-Si:H (28, 29)]. As shown in Fig. 1 H–J, the
light patterns were designed to form a negative relief of the
perimeter of each microrobot; for the parameters and materials
used here, this results in a “negative” DEP force that focuses the
microrobots into the “dark” centers of the projected patterns. As
illustrated in Movies S1 and S2, microrobots were made to move
across the device (at a given linear velocity in a horizontal axis)
by translating a device relative to a light pattern that was held
stationary, and/or to rotate (at a given angular velocity around a
central axis) by spinning the projected image relative to a device
that was held stationary. For either operation (translation or rota-
tion), the negative DEP forces were sufficient to cause the robots
to move at low velocities. As the velocities were increased, the
microrobots began to resist motion until they reached a “maximum”
velocity at which they escaped the trap [a phenomenon described
in detail in previous work (29)].
The maximum linear and angular velocities (as a function of

bias voltage) are shown in Fig. 1 K–M. For example, a maximum
linear velocity of 1.1 mm/s and a maximum angular velocity of 9.7
rad/s was observed for the cogwheel-shaped microrobot driven at
a bias of 25 Vp-p at 20 kHz (Fig. 1K). In general, all of the
microrobots were movable at low velocities, the cogwheel- and
box-shaped microrobots were movable at high linear velocities
(greater than 1 mm/s), and only the cogwheel-shaped microrobot
was movable at high angular velocities (greater than 9 rad/s).
Microrobot movement was also evaluated for microrobots with
different heights––those that are too short (e.g., 30 μm) or too
tall (e.g., 100 μm) are less stable than those with heights that are
between the 2 extremes (SI Appendix, Fig. S1 A–C). Finally, move-
ment was evaluated for microrobots formed from different materials
(e.g., silver nanoparticle-doped epoxy, SI Appendix, Fig. S1D).
Cogwheel-shaped robots formed from unmodified SU-8 (with 50-
μm height) were used for the remainder of the work, but the

Fig. 1. Optoelectronic microrobots. (A) Cross-sectional schematic of a cogwheel-shaped microrobot, formed from SU-8 on a sacrificial release layer. (B) SEM
image of a cogwheel-shaped microrobot. (C) SEM image of an array of cogwheel-shaped microrobots. (D–G) SEM images of box-shaped and spaceship-shaped
microrobots. Bright-field microscope images of (H) a cogwheel-shaped microrobot, (I) a box-shaped microrobot, and (J) a spaceship-shaped microrobot held in
place by OET light patterns. Illuminated and nonilluminated regions appear light and dark, respectively. Maximum linear (left axis, black) and angular (right
axis, red) velocities as a function of OET bias voltage for translating and rotating (K) cogwheel-shaped microrobots, (L) box-shaped microrobots, and (M)
spaceship-shaped microrobots (Movies S1 and S2). Error bars represent ±1 SD from 5 measurements for each condition. (N) Three-dimensional simulation of
an OET device in which a light pattern (purple) is projected onto an a-Si:H surface. XY plots at Z = 1.1 μm of simulated (O) electric potential distribution and (P)
electric field distribution for a device driven at 20 Vp-p (25 kHz), in which the simulated electric potential and field are indicated in heat maps (blue = low,
red = high). The axis dimensions in N-P are in micrometers.
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Optoelectronic microrobot
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Optoelectronic microrobot

• Micromotors and compound mechanisms

45

accompanied by the observation that the failure modes differ for
optical ring spanners with thin vs. thick rings. Micro-gears driven
by spanners with thin rings were prone to a flipping failure mode
(Supplementary Movie 4, clips 1 and 2), in which the micro-gear
flipped up into the Z-dimension. In contrast, micro-gears driven
by spanners with thick rings failed only by a stripping mode
(Supplementary Movie 4, clip 3), akin to the mechanical stripping
that is observed for a mechanical wrench that is rotated too
rapidly. The flipping phenomenon, in particular, is unique, as it
(unlike any other result discussed herein) is also occasionally
observed in cases in which the bias voltage is applied, but the light
pattern is not projected into the system (Supplementary Fig. 2).
We describe this and other observations in more detail in

Supplementary Note 3; more study is merited to probe these
interesting phenomena.

Micromotor impellers. With a unit component and its beha-
vioral boundary conditions in hand, we turned to exploring the
use of micro-gears as micromotors and micromachines. A com-
mon motif in the optical micromotor literature is the use of a
spinning particle as an impeller, which generates hydrodynamic
forces that influence the behavior of nearby particles10,12,34,39,40.
The system described here behaves similarly—as shown in Sup-
plementary Movie 5 and in Fig. 3a, b, a rotating micro-gear causes
polystyrene microparticles in the vicinity to revolve around it. We

Fig. 1 OET control of micromotors. a SEM image of a 200-μm-diameter micro-gear. b 3D schematic structure of a micro-gear prior to release. c Schematic
depicting the principle of manipulating a micro-gear in an OET device. d Microscope image of a micro-gear being manipulated in an OET device.
e–h Frames from Supplementary Movie 3 illustrating the step-by-step process (represented by orange arrows) of manipulating nine micro-gears such that
they can be simultaneously rotated. The red-dashed arrows in (h) indicate that the micro-gears are rotating clockwise at 60°/s in the upper row,
counterclockwise at 60°/s in the mid row, and clockwise at 120°/s in the bottom row. This parallel manipulation process requires ~30 s.

Fig. 2 Effect of optical ring-spanner geometry on micromotors. Microscope images of micro-gears controlled by optical ring spanners with ring
thicknesses of a 0 μm, b 10 μm, c 30 μm, and d 60 μm. Plots of maximum e angular velocity of rotating micro-gears and f linear velocity of translating
micro-gears as a function of OET bias voltage for optical ring spanners with ring thicknesses of 0 μm (black squares), 10 μm (red circles), 30 μm (blue
triangles), and 60 μm (green inverted triangles). The frequency of the OET bias was set to 10 kHz. Error bars represent ±1 SD from five measurements for
each condition.
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Thermocapillary Forces

• Microgear at the liquid-air interface

• Carbon coating to increase absorption

• Marangoni effect
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Thermocapillary Forces
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Smart hydrogels

• Gels made of networks of cross-linked long 
polymer chains

• Soft material: Young’s modulus in the kPa range

• Absorb-repel water in response to an external 
stimulus (swelling)

– Temperature, pH, chemicals

51

• Relatively small forces but high volumetric change
• Energy densities up to 460 kJ m-3

• Strains of up to 90% under 4 MPa load
• Can be stretched up to 1200%
• Response is diffusion limited: millimeter sized gels ～seconds
• Chemical stability and performance degradation in time



Thermoresponsive Hydrogels

• Lower critical solution temperature (LCST) and upper critical solution 
temperature (UCST)

• poly(N-isopropylacrylamide) or pNIPAM: a combination of hydrophilic and 
hydrophobic segments in the polymer chain

– At temperatures below LCST, swell due to domination of hydrophilic 
interactions with water

– At temperature above LCST, the hydrogen bonds with water are 
broken and hydrophobic interactions among the polymer chains 
dominate, which result in deswelling

52



Origami and Kirigami with Hydrogels
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Kim etal, Science, 2012
Klein etal, Science, 2007



Programmable self-folding
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• Differential Swelling via Particle Gradients



Direct Laser Writing of Actuators
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Laser-induced Actuation
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Plasmon Resonance

• The oscillating electromagnetic field of the light causes the free electrons 
of the gold nanoparticles to collectively coherently oscillate (about a metal-
dielectric interface)

• Plasma like behavior of the electrons once they are labile

• Localized surface plasmon is geometrically confined to nanoparticle
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Optomechanical Nanoactuators
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10 um

100 nm



Plasmon Resonance

• XX
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Hierarchical Assembly and Control
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Hierarchical Assembly and Control
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Colloidal assembly

• Marangoni flows, photocatalytic reactions, magnetics 
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that effectively transduced heat into linear actuation (Figure 1a).
The size of the nanorod (!30 nm" 95 nm) was specifically cho-
sen to observe the localized surface plasmon resonance (LSPR)
peak at 785 nm because near-infrared (NIR) light has high
penetration depth under physiological conditions and allows
the utilization of dyes in the visible range for fluorescence
imaging. Ensembles of nanorods were coated with pNIPMAM
polymer en masse using in situ free radical polymerization.[19,21]

The surfaces of the nanogels were decorated with functional
amine groups to initiate covalent cross-linking during colloidal
assembly. This way, we ensured strong coupling between
adjacent mNAs, a property that was required to transmit forces
effectively and stay connected during multiple deformation cycles.

We introduced magnetization through controlled growth of
a nickel film on the encapsulated nanorods.[31] Prior to the
growth of the Ni layer, the Au core was covered with a small
amount of Pt, which served as a catalyst for the decomposition
of a Ni–hydrazine complex. Elemental analysis using energy-
dispersive X-ray (EDX) spectroscopy confirmed the existence
of a Pt–Ni shell, whereas Au was the predominant element at
the particle center (Figure 1b). Line scanning microanalysis
across a single nanoactuator showed that the thickness of
the Ni layer was on the order of 10 nm (Figure S1, Supporting
Information). We checked whether the magnetic coating

influenced the thermoresponsive behavior of the pNIPMAM
nanogel using dynamic light scattering (DLS) measurements
(Figure 1c). The mNAs exhibited a drastic decrease in hydrody-
namic size above the lower critical solution temperature (LCST)
of 42 #C, from 400 to 300 nm, and reached a steady-state value of
220 nm at 65 #C. Despite the small volume of magnetic material,
the mNAs readily responded to externally applied magnetic field
gradients at room temperature by accumulating in the vicinity
of a permanent magnet that was placed next to the glass vial
(Figure 1d). Furthermore, application of a homogenous rotating
magnetic fields led to the formation of particle chains (Figure 1e
and Movie S1, Supporting Information), whose size depend
on the particle concentration, magnetic field strength, and fre-
quency of rotation. The chains broke up and particles formed
smaller clusters at higher frequencies (at B¼ 40mT, transition
frequency was 1 Hz) due to hydrodynamic effects.[6]

The overall directed colloidal assembly process is shown in
Figure 1f. Rotating magnetic fields programmNAs into transient
clusters that discharge as soon as we turn off the magnetic field.
In contrast, photothermal assembly process produces permanent
assemblies that sustain physical attachment after the removal
of the laser illumination. Localized nanoscale heating leads to
ultrafast hydrogel volume-phase transition that is on the order
of nanoseconds.[32] In our experiments, activation of mNAs at

Figure 1. Optical and magnetic micromanipulation of mNA. a) A schematic representation of the mNA along with the TEM image showing the
thermoresponsive polymer encapsulating the multilayered nanorod. Scale bar, 100 nm. b) STEM-EDX images showing the elemental content of
the nanorods. High-angle annular dark field (HAADF) shows the overall morphology and different metal layers. Scale bar, 50 nm. c) Hydrodynamic
diameter, DH, of the mNAs measured at different temperatures. DH is calculated from the measured value of the translation diffusion coefficient
using the Stokes–Einstein equation. d) Magnetic concentration of mNAs in a suspension. A permanent magnet was kept next to the mNA suspension
for 5 min (left). After the removal of the magnet, an agglomerate of mNAs with a shape that followed the magnetic field lines was visible (right).
e) Reversible assembly of mNAs under uniform rotating magnetic fields at different frequencies. Scale bar, 100 nm. f ) Schematic representation of
the programmable assembly process. Left: Nanoactuator suspension on a glass slide. While magnetic manipulation drives reversible assembly of
mNAs into chains (top right), photothermal effects generated by NIR illumination form permanent assemblies of mNAs (bottom right).

www.advancedsciencenews.com www.advintellsyst.com

Adv. Intell. Syst. 2020, 2, 2000062 2000062 (2 of 8) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

that effectively transduced heat into linear actuation (Figure 1a).
The size of the nanorod (!30 nm" 95 nm) was specifically cho-
sen to observe the localized surface plasmon resonance (LSPR)
peak at 785 nm because near-infrared (NIR) light has high
penetration depth under physiological conditions and allows
the utilization of dyes in the visible range for fluorescence
imaging. Ensembles of nanorods were coated with pNIPMAM
polymer en masse using in situ free radical polymerization.[19,21]

The surfaces of the nanogels were decorated with functional
amine groups to initiate covalent cross-linking during colloidal
assembly. This way, we ensured strong coupling between
adjacent mNAs, a property that was required to transmit forces
effectively and stay connected during multiple deformation cycles.

We introduced magnetization through controlled growth of
a nickel film on the encapsulated nanorods.[31] Prior to the
growth of the Ni layer, the Au core was covered with a small
amount of Pt, which served as a catalyst for the decomposition
of a Ni–hydrazine complex. Elemental analysis using energy-
dispersive X-ray (EDX) spectroscopy confirmed the existence
of a Pt–Ni shell, whereas Au was the predominant element at
the particle center (Figure 1b). Line scanning microanalysis
across a single nanoactuator showed that the thickness of
the Ni layer was on the order of 10 nm (Figure S1, Supporting
Information). We checked whether the magnetic coating

influenced the thermoresponsive behavior of the pNIPMAM
nanogel using dynamic light scattering (DLS) measurements
(Figure 1c). The mNAs exhibited a drastic decrease in hydrody-
namic size above the lower critical solution temperature (LCST)
of 42 #C, from 400 to 300 nm, and reached a steady-state value of
220 nm at 65 #C. Despite the small volume of magnetic material,
the mNAs readily responded to externally applied magnetic field
gradients at room temperature by accumulating in the vicinity
of a permanent magnet that was placed next to the glass vial
(Figure 1d). Furthermore, application of a homogenous rotating
magnetic fields led to the formation of particle chains (Figure 1e
and Movie S1, Supporting Information), whose size depend
on the particle concentration, magnetic field strength, and fre-
quency of rotation. The chains broke up and particles formed
smaller clusters at higher frequencies (at B¼ 40mT, transition
frequency was 1 Hz) due to hydrodynamic effects.[6]

The overall directed colloidal assembly process is shown in
Figure 1f. Rotating magnetic fields programmNAs into transient
clusters that discharge as soon as we turn off the magnetic field.
In contrast, photothermal assembly process produces permanent
assemblies that sustain physical attachment after the removal
of the laser illumination. Localized nanoscale heating leads to
ultrafast hydrogel volume-phase transition that is on the order
of nanoseconds.[32] In our experiments, activation of mNAs at

Figure 1. Optical and magnetic micromanipulation of mNA. a) A schematic representation of the mNA along with the TEM image showing the
thermoresponsive polymer encapsulating the multilayered nanorod. Scale bar, 100 nm. b) STEM-EDX images showing the elemental content of
the nanorods. High-angle annular dark field (HAADF) shows the overall morphology and different metal layers. Scale bar, 50 nm. c) Hydrodynamic
diameter, DH, of the mNAs measured at different temperatures. DH is calculated from the measured value of the translation diffusion coefficient
using the Stokes–Einstein equation. d) Magnetic concentration of mNAs in a suspension. A permanent magnet was kept next to the mNA suspension
for 5 min (left). After the removal of the magnet, an agglomerate of mNAs with a shape that followed the magnetic field lines was visible (right).
e) Reversible assembly of mNAs under uniform rotating magnetic fields at different frequencies. Scale bar, 100 nm. f ) Schematic representation of
the programmable assembly process. Left: Nanoactuator suspension on a glass slide. While magnetic manipulation drives reversible assembly of
mNAs into chains (top right), photothermal effects generated by NIR illumination form permanent assemblies of mNAs (bottom right).
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Colloidal assembly
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Photothermal mobile micromachines

• From contraction of the gel to swimming
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Plasmon Resonance: Fluid Convection
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Photothermal steam engines

• Upon laser excitation, the nanoparticles convert 
light of specific wavelength into heat and initiate 
a liquid-to-gas phase transition. 

• The related pressure increase inflates the 
elastomers in response to laser wavelength, 
intensity, direction, and on–off pulses. 

• During laser-off periods, heating halts and 
condensation of the gas phase renders the 
actuation reversible.
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SMA Microactuators

• Heat induced phase transition
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Thermal expansion (impact drive)

• Based on expansion of materials due to temperature changes

• Temperature control: light absorption

• Direct expansion vs bending moment (bimorph actuator)

• Example: Actuated at resonance frequency: stick and slip motion
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Summary on mechanisms
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diffusiophoretic interactions.[187] Although the nanoparticles
investigated so far in these studies do not possess specific func-
tions, fundamental studies on interacting microrobots would open
to potential applications where they will accomplish the same or
different tasks independently or triggered by mutual interactions
and communication. While at the macroscale robot communica-
tion can take advantage of sensors, processors, and cabled or wire-
less routing, such components are difficult to integrate at the
microscale within the tiny body of the microrobots. Microrobot
communication could be instead based on physical or chemical
fundamental interactions. A possible solution is to exploit mag-
netic forces that, on one hand, drive a dynamic self-assembly

of magnetic particles, and, on the other hand, rule the interactions
among microrobots, mainly relying on magnetic repulsion of
microrobots.[188] In this case, the interaction is constant without
containing any feedback information of the operation of a single
robot. This could be transferred to light-powered microrobots if an
optical signal, such as lasing operation or diffraction of light, could
be autonomously sent in between the microrobots in response to a
user-programmed light activation, or to an environmental trigger
signal such as a physical obstacle.

Alternatively, clever engineering solutions enabling extreme
miniaturization of electronic components can be adopted,
provided that these can be integrated into the microrobot

Table 1. Light as microrobot actuator: core strategies for microrobotic motion control and further activation mechanisms enabled by light.

Light as microrobot actuator

Core strategies for controlling the motion of polymeric microrobots Further activation mechanisms enabled by light

Optical trapping and manipulation
of rigid microrobots, which often
include spherical handles, can be
done with six degrees of freedom.

Light-triggered shape changes in
soft stimuli–responsive

microrobots can lead to various
interesting microrobot motions
and other operations when

properly engineered.

Thermoplasmonic effects—heat
is generated by illuminating a

gold-coated microrobot
component due to plasmon

resonances.

Photocatalytic effects—
chemical reactions occur
only upon illumination,

phenomenon often exploited
on Janus particles.

Phototaxis behaviors inspired
from nature can be exploited

for microrobot motion
toward the light source, or

away from it.

Table 2. Comparison between different characteristics for polymeric light-powered hard and soft microrobots.

Hard microrobots Soft microrobots

Fabrication technique DLW DLW or photolithography

Fabrication scalability Poor—serial fabrication process Poor for DLW, good for photolithography

Materials Acrylic- or epoxy-based negative photoresists, hybrid
organic-inorganic materials

LCE, LCN, hydrogels, often in layered structures

Biocompatibility Achievable, requires the use of biocompatible materials for fabrication

Actuation mechanism Direct—optical trapping Indirect—based on light-induced shape changes

Robot dimensions Several microns to tens of microns—limited by fabrication
resolution

Tens or hundreds of microns—limited by resolution and
material response to light

Actuation response time Millisecond response timescale—limited by the optical
trapping setup (hologram recalculationþ SLM response

time)

Millisecond operation timescale for LCE microrobots—
limited by the material response

Precision of actuation High, 6 degrees of freedom for the manipulation of
microrobots with at least 3 trapping handles

Limited by the microrobot design and material properties

Power density at sample plane Tens of mW per mm2

Wavelength regime for
the actuation source

nIR (typically around 1060–1090 nm) UV and visible light (typically 200–700 nm)

Area where they can move Limited by the field of view of the optical trapping setup to
less than 1" 1mm2. Larger areas can be covered by

displacing the sample.

No size restriction when flat light illumination can power
the microrobot operation.

Manipulation scalability Poor—limited by the field of view and number of optical
traps that can be generated

High—microrobot operation can be induced by flat light
illumination

Operating environment Liquids, with challenges in complex media Air and liquids, with challenges in complex media
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