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Optoﬂuidic devices are gaining popularity due to the ﬂexibility and ease of optical actuation and detection. These features
are important for miniaturized lab-on-a-chip systems, which
are often tricky to interface with larger benchtop equipment.
Droplets, ﬂuids, and particles can be manipulated using
optoﬂuidic devices. Simply adjusting the optical source
can often reconﬁgures the type of manipulation, making
optoﬂuidics very adaptable compared to other methods.
One unique feature of this special issue is its focus on
indirect optical manipulation methods, in which light energy
is used to trigger electric ﬁeld, generate heat, or trigger
rapidly expanding bubbles to achieve various manipulation
functions, instead of using direct optical forces.
“Light-driven droplet manipulation technologies for labon-a-chip applications” by S.-Y. Park and E. P. Y. Chiou
reviews various optical methods for droplet manipulation.
Digital microﬂuidics is quite popular due to the compartmentalization and reduced cross-contamination provided
by individual droplets. “Optoelectroﬂuidic manipulation of
nanoparticles and biomolecules” by H. Hwang and J.-K.
Park reviews techniques that combine optical and electrical
eﬀects in ﬂuidic environments for the manipulation of
nanoparticles and biomolecules such as proteins and DNA.
“Optoelectronic heating for fabricating microﬂuidic circuitry” by G. Haulot and C.-M. Ho demonstrates the
formation of microﬂuidic channels by using optoelectronic
heaters to melt frozen liquids. This can potentially be used to

create ﬂuidic structures on demand. “Moldless PEGDA-based
optoelectroﬂuidic platform for microparticle selection” by S.-M.
Yang et al. also presents a method for forming microﬂuidic
channels; in this case, using UV-initiated polymerization for
creating channels on an optoelectronic device designed to
select individual microbeads.
Along with these papers of this issue, other papers involve
dielectrophoresis and optically induced dielectrophoresis.
The paper by P.-F. Wu and G.-B. Lee uses these two forces to
arrange carbon nanotubes between electrodes, towards the
goal of creating carbon nanotube sensors. The paper by P. J.
Pauzauskie et al. also uses optically induced dielectrophoresis
to trap nanotubes, which are detected in situ using Raman
spectroscopy. The paper by K.-W. Huang et al. presents
transparent electrodes that can be used to integrate devices
for optically induced dielectrophoresis with microﬂuidic
channels.
“An optically controlled 3D cell culturing system” by K.
S. Ishii et al. uses optothermal heating to trigger a polymer
phase transition that can be used to trap cells that are to be
cultured. This can potentially be used to create cell cultures
with minimal contamination. “From spheric to aspheric solid
polymer lenses: a review” by K.-Y. Hung et al. presents methods for creating lenses for optical and optoﬂuidic devices.
The paper by D. McIntosh et al. demonstrates a microﬂuidic
chip integrated with photodiode-based ﬂuorescence detector
that was used to detect the concentration of an antibiotic.
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Together, the papers in this special issue cover a wide
range of topics in the growing ﬁeld of optoﬂuidics.
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Optoelectronic tweezers (OETs) were used to trap and deposit aqueous dispersions of carboxylic-acid-functionalized singlewalled carbon nanotube bundles. Dark-ﬁeld video microscopy was used to visualize the dynamics of the bundles both with and
without virtual electrodes, showing rapid accumulation of carbon nanotubes when optical virtual electrodes are actuated. Raman
microscopy was used to probe SWCNT materials following deposition onto metallic ﬁducial markers as well as during trapping.
The local carbon nanotube concentration was observed to increase rapidly during trapping by more than an order of magnitude
in less than one second due to localized optical dielectrophoresis forces. This combination of enrichment and spectroscopy with a
single laser spot suggests a broad range of applications in physical, chemical, and biological sciences.

1. Introduction

2. Materials and Methods

One persistent challenge in molecular sensing is the enriching of candidate analytes to concentrations high enough
for detection. Optoelectronic tweezers (OET) recently have
been used as a versatile platform for trapping objects
such as polystyrene spheres, living cells [1], and solid-state
nanowires [2], and both [3] single- and [4] multi-walled
samples of carbon nanotubes using 100,000x less optical
power than single-beam laser traps. Based on a combination
of dielectrophoresis and optical image patterning, OET
has the unique capability of massively parallel localization
of organic and inorganic nanoscale structures for both
direct visualization and spectroscopic characterization. In
this paper, we use carboxylic-acid- (COOH-) functionalized single-walled carbon nanotubes as a model system
to demonstrate analyte enrichment by over an order of
magnitude with a low-power OET trapping laser that serves
simultaneously as a Raman spectroscopic probe.

2.1. Carbon Nanotube Sample Preparation. COOH-functionalized carbon nanotubes have been used as a surfactantfree alternative for aqueous SWCNT suspensions, with
the hydrophilic COOH-surface functional groups serving
as a means to suspend the nanotubes on polar solvents
such as water [5]. In this work, COOH functionalized
SWCNTs (P3, Carbon Solutions, Inc., ∼4 atomic % COOHfunctionalization) were dispersed as made in Milli-Q deionized water, bath-sonicated for 30 min, and centrifuged for
30 min at 16,000 g to remove large bundles and other metallic
catalyst particles yielding a semitransparent solution.
2.2. Carbon Nanotube Sample Characterization. Transmission electron microscopy (JEOL CM-300) and atomic force
microscopy (Veeco) were used to characterize the physical dimensions for the nanotube bundles. Atomic force
microscopy measurements provide a diameter distribution
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(a)
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Figure 1: Characterization of COOH-functionalized SWCNTs used in this study. (a) Bright-ﬁeld transmission electron micrograph. Scale
bar = 50 nm. (b) Atomic force micrograph of SWCNTs on an aminopropylesilane-coated mica wafer. Scale bar = 1 μm.
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Figure 2: Dark-ﬁeld EMCCD video microscopy of optoelectronic trapping of COOH-SWCNTs with laser oﬀ (a) and on (b) at an AC bias
of 15 Vpp, 100 kHz. Images are inverted to enhance visibility of faint light scattering from SWCNT bundles. The laser line (Ar+ , 488 nm) is
blocked by a holographic notch ﬁlter.

for the carbon nanotube bundles ranging from 2 to 11 nm,
and lengths ranging from 0.1 to 2 μm (Figures 1(a) and 1(b)),
with a mean bundle diameter of 6.4 ± 2.4 nm.

power was measured to be 100 μW focused to a spot size of 5
microns. The laser spot is ﬁltered from the dark-ﬁeld image
using a holographic notch ﬁlter.

2.3. Dark-Field Imaging with Optoelectronic Tweezers. OET
chambers were fabricated as reported previously [1], and
images were collected during trapping with a Nikon Eclipse
LV150 microscope equipped with long working distance
dark-ﬁeld objective lenses. Dark-ﬁeld optical microscopy
was used [6] to image aqueous suspensions of SWCNT
bundles with a video-rate, thermoelectrically cooled, backilluminated electron multiplying charge-coupled device
camera (Andor, iXon). Standard chamber depths were ﬁxed
with double-sided adhesive tape with a standard thickness
measured at 75 microns with a hand-held micrometer.
During darkﬁeld imaging, the trapping was performed with
an argon-ion laser using the 488 nm emission line. The laser

2.4. Raman Microscopy. Raman measurements were made
with the 632.8 nm line of a helium-neon laser. Laser light
was focused onto samples using a long working distance 20x
near-IR corrected apochromatic objective lens (Mitutoyo).
Scattered light was collected using the same objective and
was focused onto a pinhole (to improve spatial resolution)
before being collimated and directed into the spectrometer.
A holographic ﬁlter (Kaiser Optics) was used to reject
elastically scattered laser light. The spectrometer was a 0.3 m
Jobin Yvon LabRam system equipped with 1,200 lines/mm
and 1,800 lines/mm gratings. The detector was an LN2cooled CCD (Roper Scientiﬁc). The system was calibrated
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Figure 3: Ex situ characterization of COOH-SWCNTs following deposition with optoelectronic tweezers at high peak-to-peak voltages. (a)
SEM image of SWCNT bundles deposited next to a Ti/Au ﬁducial marker. Scale bar = 100 nm. (b) Raman spectrum of deposited SWCNT
bundles showing radial breathing mode (RBM), D, and G bands; a-Si background subtracted.

using a neon lamp. In all experiments, laser power was
measured with a hand-held power meter.

3. Results and Discussion
When a 15 Vpp, 100 kHz trapping voltage is applied across
the OET chamber, the SWCNTs are observed to move away
from one another (Figure 2(a)) due to repulsive, in-phase
dipole-dipole interactions. When the trapping laser is turned
on, SWCNT bundles are observed to migrate into the laser
spot (Figure 2(b)), agreeing with previous reports of positive
dielectrophoresis forces for metallic SWCNTs [7] as well
as with recent calculations for MWCNTs predicting forces
in the range of piconewtons [4]. At high trapping voltages
(20 Vpp, 100 kHz), the SWCNTs are observed to attach
irreversibly to the a-Si surface. Electron beam lithography is
used to pattern a grid of metallic ﬁducial markers (20 nm Ti,
50 nm Au) on top of the polished a-Si layer, which are then
used to locate regions on the OET surface following Raman
deposition experiments. Using scanning electron microscopy
(SEM) (Figure 3(a)) and micro-Raman (Figure 3(b)) for ex
situ characterization conﬁrms that the deposited structures
are indeed SWCNT bundles.
Single-beam laser tweezers have been used previously
for three-dimensional trapping [8, 9], and Raman characterization [10] of SWCNT suspensions; however, they
typically require several milliwatts of power to produce
electric ﬁeld gradients suﬃcient for trapping. Confocal
micro-Raman measurements may also be performed with
OET in an upright backscattering conﬁguration. Generally,
several hundred μW from the polarized 632.8 nm line
of a CW He : Ne laser (Figure 4(a)) are focused to an
area of ∼75 μm2 , yielding a maximum local irradiance
of <500 W/cm2 , which is more than suﬃcient to actuate
the OET virtual trapping electrodes while simultaneously
providing enough inelastically scattered photons for Raman

spectroscopy. The focal point is positioned in the chamber
with a motorized translation stage, using the Raman signal of
the a-Si as a means of ensuring that the Raman focal volume
coincides directly with the OET-trapping volume.
When Raman spectra are taken from the COOHSWCNT dispersions, signal levels are low due to both the
low concentration of tubes in solution and defects within
the carbon lattice that decrease the inelastic scattering crosssection [11]. Raman spectra are acquired both with and
without the OET-trapping voltage (6 Vpp, 100 kHz) at both
the a-Si/ﬂuid interface (Figure 4(a)) and ∼20 μm above the
a-Si. Once the trapping voltage is applied, the in-plane E2g
stretching mode at 1591 cm−1 collected from the a-Si/ﬂuid
interface shows an 18-fold increase based on a ratio of
integrated 1591 cm−1 peak areas. The enhancement exists
both when compared to the case with the trapping voltage
oﬀ, and with the voltage on, but with the focus ∼20 μm
above the a-Si surface (Figure 4(b)). The signal enhancement
is reversible, depending only on whether the laser is present
to generate inhomogeneous lateral electric trapping ﬁelds.
When the AC ﬁeld is turned oﬀ, the signal relaxes to the
background level, suggesting that trapped SWCNTs become
free to diﬀuse through solution in agreement with dark-ﬁeld
images (Figure 2).

4. Conclusion
In conclusion, we report here the ﬁrst demonstration of
simultaneous trapping and micro-Raman spectroscopy of
SWCNT materials with OET, providing a versatile means
for locally concentrating dilute samples, therefore, enhancing
the detected Raman signals by over an order of magnitude.
This signal enrichment can potentially be combined with
other Raman enhancement techniques such as surfaceenhanced Raman spectroscopy (SERS) to create more sensitive Raman probes. OET is unique in that a few hundred

4

Advances in OptoElectronics

V off

V on
V

a-Si

Intensity (a.u.)

(a)

1200

1400

1600

1800

2000

Wavenumbers (cm−1 )
V on, 6 Vpp, 75 kHz
V off
(b)

Figure 4: Enhanced Raman signal from COOH-SWCNTs trapped
with OET. (a) Schematic of micro-Raman experiment and (b)
Raman spectrum (480 W/cm2 , 60 s) with (red) and without (black)
OET-trapping bias of 6 Vpp, 75 kHz.

micro-Watt laser intensities can be used to enrich the
local analyte concentration while simultaneously producing
inelastically scattered photons for sample characterization.
This combination of enrichment and spectroscopy with a
single laser spot suggests a broad range of applications in
physical, chemical, and biological sciences. Finally, these
results will help guide future experiments with isolated
single-walled carbon nanotubes.
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A novel 3D cell culture system was developed and tested. The cell culture device consists of a microﬂuidic chamber on an optically
absorbing substrate. Cells are suspended in a thermoresponsive hydrogel solution, and optical patterns are utilized to heat the
solution, producing localized hydrogel formation around cells of interest. The hydrogel traps only the desired cells in place while
also serving as a biocompatible scaﬀold for supporting the cultivation of cells in 3D. This is demonstrated with the trapping
of MDCK II and HeLa cells. The light intensity from the optically induced hydrogel formation does not signiﬁcantly aﬀect cell
viability.

1. Introduction
Drug- and cell-based therapies are being explored for many
medical conditions [1, 2], including heart disease [3],
cancer [4–6], and diabetes [7–9]. However, the process of
identifying suitable treatments is long and complicated. The
time from drug discovery to Food and Drug Administration
approval is usually 10 to 15 years [10], costing from $800
million to $1 billion [11]. Numerous processes contribute
to this long lead time, including the testing of drug
compounds, drug eﬀects, and drug safety. These tests are
conducted in order of increasing complexity: biochemical
assays, cell-based assays, animal models, and then clinical
trials. It is possible to simplify this testing procedure with
improved cell-based assays that could enable the reduction
or elimination of animal testing, reducing the time and cost
of developing new drugs.
Cell-based drug assays can be improved by culturing
cells in vitro that remain highly representative of their in
vivo counterparts, resulting in more realistic testing results,
mitigating the risks and costs associated with testing on live
subjects, while accelerating the development process. Recent
evidence suggests that 3D cultures are more representative
of cellular behavior as compared to 2D cultures [12], as 3D
cultures more closely simulate in vivo cellular microenvironments [13]. For example, cancerous cells grown in 3D

cultures are more resistant to drugs versus cells in 2D cultures
[14, 15].
3D cultures have been developed where cells are seeded
on porous biomaterials [10, 15, 16] or scaﬀold-like microstructures [17–19]. Integration of these materials in
microﬂuidic systems can facilitate diﬀusive transfer of nutrients and waste and minimizes the use of materials and
reagents, thereby lowering costs and increasing parallelization of culturing and testing [10, 20]. Thus, appropriately
designed microdevices can greatly improve the predictive
value of cell-based assays [21–25].
One remaining challenge for microﬂuidic culture systems
is the culturing of speciﬁc individual cells. The isolation
and culture of speciﬁc, individual, and potentially rare cells
of interest, such as cancerous cells, can be used to test the
eﬀectiveness of drugs, which can lead to the development
of treatments that are better tailored to their target. When
isolating speciﬁc cells, it is desirable to simultaneously select
the cells of interest and seed them into a 3D scaﬀold.
This reduces unnecessary handling of the cells, saving time
and money, while negating the question of how to recover
the selected cells. Minimizing the manipulation required to
arrive at the culturing stage also simpliﬁes the equipment
necessary to carry out the process.
Here, we demonstrate a microﬂuidic system that can
isolate speciﬁc cells from a suspension and seed and culture
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them in 3D structures. This system creates 3D hydrogel structures for cell culture using projected light patterns. Speciﬁc cells can be captured for homogeneous
or heterogeneous 3D culturing while simultaneously creating
the scaﬀolds necessary to support cell growth in 3D. The
3D hydrogel scaﬀolds are formed using a thermosensitive
polymer instead of photoinitated polymerization [18, 19, 21,
23, 24], which usually is irreversible. The hydrogel formation
is reversible, allowing cultured cells to be easily harvested.
In this paper, the details of this optically controlled 3D
culturing system are presented, along with experimental
results demonstrating the optically controlled formation of
thermosensitive hydrogels, the trapping of micro-objects
within hydrogels, the trapping of mammalian cells, and the
testing of cell viability.
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2. Optically Controlled 3D Cell
Culturing System
Our cell culture system uses a device with an optically
absorbing substrate that converts the optical energy of the
light patterns into heat (Figure 1). This heat is used to
trigger a sol-gel transition of a thermoresponsive hydrogel
containing cells, allowing selective trapping of cells in a 3D
matrix for culturing.
The thermoresponsive hydrogel used is composed of
poly(N-isopropylacrylamide) (PNIPAAm). This biocompatible polymer dissolves readily in water at room temperature.
However, if a PNIPAAm solution is heated above the lower
critical solution temperature (LCST) of the PNIPAAm, the
polymer undergoes a reversible sol-gel transition, resulting
in the creation of a hydrogel [26–28]. As the LCST is
approximately 32◦ C, PNIPAAm is a popular choice as a
thermoresponsive polymer for use with cells and other
bioparticles. Thus, PNIPAAm solutions are hydrogels at
physiological temperatures but liquids at room temperature.
The optically generated heat in the culture device is
suﬃcient to increase the temperature of the PNIPAAm
solution above its LCST, thus inducing a sol-gel transition
and forming a 3D hydrogel in the heated region. The
dimensions of the hydrogel are determined by the heat
distribution generated by the optical patterns, and the height
of the microﬂuidic chamber. The height of the microﬂuidic
chamber in these experiments was maintained at 50 μm to
ensure suﬃcient transport of nutrients and waste products
into and out of the gels once cells are in culture.
A typical culturing procedure starts by mixing cells at a
desired density with a PNIPAAm solution (Figure 2). The
solution is introduced into the microﬂuidic chamber. Optical
patterns are then used to form hydrogels around the cells
of interest. After trapping the desired cells, the remaining
sample is ﬂushed by ﬂowing buﬀer solution through the
device while keeping the gelled region above the LCST. At
this point, the optical patterns can be turned oﬀ, as long
as the device itself is kept above the LCST. The cells can
then be cultured. The microﬂuidic chamber is designed to
be removable, providing direct access to the hydrogel, and

(b)

Figure 1: (a) Schematic representation of the 3D cell culture device.
A microﬂuidic chamber is imprinted on polydimethylsiloxane
(PDMS) using soft lithography and reversibly bonded to an
optically absorbent substrate. Tubing is connected at the inlet
and outlet ports. Fluid is introduced at the inlet and is drawn
through the device by applying negative pressure at the outlet.
(b) A prototype device is shown with ﬂuidic tubing connected at
the ports. In this design, the hexagonal chamber is approximately
9 mm × 5 mm; the PDMS piece and accompanying substrate are
approximately 30 mm × 15 mm.

making subsequent culture steps more similar to that of a
standard 3D culture.

3. Materials and Methods
3.1. Thermoresponsive Polymer. A thermoresponsive polymer solution that comprised 10% (w/v) PNIPAAm (SigmaAldrich, St. Louis, Mo, USA) dissolved in deionized (DI)
water or phosphate-buﬀered saline (PBS) (ATCC, Manassas,
Va, USA) was used in the experiments discussed in this paper.
3.2. Cells. Madin Darby Canine Kidney (MDCK II) epithelial cells and HeLa cells were cultivated in a standard 2D
culture using Dulbecco’s Modiﬁed Eagle Medium (DMEM)
with 10% fetal bovine serum (FBS) and 1% penicillin
streptomycin. The cells were incubated at 37◦ C in a
humidiﬁed 95% air, 5% CO2 environment. The cells were
harvested using 0.25% Trypsin/0.53 mM EDTA and mixed
into a solution of 10% (w/v) PNIPAAm in PBS for the
experiments described here. Viability tests were performed
using a LIVE/DEAD assay kit (Invitrogen, Carlsbad, Calif,
USA) and ﬂuorescent imaging.
3.3. Experimental Setup. The cell culture device is positioned
on the stage of an upright microscope, on top of an
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(a) Introduce PNIPAAm solution containing cells

(b) Form gel around desired cells with light

(d) Remove PDMS chamber
place substrate into culture media
(c) Flush remaining cells

Figure 2: Optically controlled 3D culturing process. (a) The cell sample in hydrogel solution is introduced to the device chamber. (b) Desired
cells are trapped in PNIPAAm hydrogel (cylindrical volume) using localized optical heating. (c) Undesired cells that remain in solution are
ﬂushed from the device. (d) While maintaining the hydrogel above the LCST, the PDMS chamber is removed, and the device substrate with
the patterned 3D hydrogel is placed into culture media to allow cell growth.

indium tin oxide (ITO) thin-ﬁlm heater. The ITO heater
is used to warm the device above room temperature, but
below the LCST, to facilitate the optically induced gelation.
A CCD camera mounted on the microscope provides realtime visualization of the procedure. The thermoresponsive
polymer solution containing the cell sample is introduced
into the device.
Optical patterns are directed through a hole in the
microscope stage to the device substrate. The light patterns
are created by focusing the output of a commercial projector
(Dell 2400MP) through a 10X objective lens, resulting in an
average intensity of 4.07 W/cm2 . An alternate light source
that can be used to cause gelation is a 635-nm, 10-mW diode
laser. Irradiating the absorbing substrate results in localized
heating within the device.
The 3D culture device consists of a 50-μm-high PDMS
microﬂuidic chamber reversibly bonded to an optically
absorbent substrate (Figure 1). An inlet port and an outlet
port are located at opposite ends of the chamber, and
ﬂushing is controlled by negative pressure-driven ﬂow using
an external syringe pump.

4. Experimental Results
4.1. Device Characterization. The temperature proﬁle in the
culture device was simulated using COMSOL Multiphysics
(Figure 3). The heat source in this simulation is a 100 μm ×
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Figure 3: Simulated temperature (degrees Kelvin) in the culture
device. In this model, two glass layers sandwich a 100-μm thick layer
of water. The heat ﬂux is situated at the bottom of the water layer in
a 100 μm × 100 μm square area.

100 μm, representing a square optical pattern. The heat
source is situated at the top surface of the lower glass layer,
which corresponds to the location of the optically absorbent
layer. This conversion of light to heat is an important
parameter in determining the eﬃcacy of the substrate and
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Figure 4: Hydrogel area versus time for various optically absorbent
substrates. The optically smallest pattern that eﬀectively produced
gel was determined for each substrate, using the computer projector
light source. The graph shows the average hydrogel area measured
across ﬁve trials and the standard deviation for each. A two-minute
delay between subsequent trials allowed suﬃcient time for the
device to return to room temperature.
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ultimately the resolution of the gel that can be achieved.
Thus, various light-absorbent substrates were developed and
characterized. The materials used to fabricate the substrates
were chosen on the basis that they were readily available as
well as biocompatible. The primary substrate used consists of
a 1.1-mm-thick glass slide coated with a 200-nm-thick layer
of ITO and a 1-μm-thick layer of amorphous silicon (a-Si).
The a-Si layer absorbs near-infrared, visible, and UV light,
converting it to heat. A simpler substrate was also tested,
consisting of a 150-μm-thick glass coverslip backed with a
layer of black vinyl tape (3M Corp., St. Paul, Minn, USA).
Additionally, absorbing polymeric substrates were created by
mixing dark particles such as black mineral pigment and
carbon black with PDMS.
In order to precisely select single, individual cells for
culture, the hydrogel resolution needs to be optimized.
While it is desirable to obtain the smallest hydrogel area
necessary to fully encompass the cell, the area of hydrogel
should also remain relatively constant over the short period
of time between trapping and ﬂushing steps. If the heated
region of the substrate continues to spread from the point
where the light pattern is aimed, the hydrogel region
will continue to expand, potentially trapping additional,
undesired cells in the immediate area. For this purpose, the
various substrates were compared by measuring the area
of the hydrogel while exposing the device to the smallest
circular light pattern capable of producing gel within the
ﬁrst 30 seconds of exposure. First, the minimum optical
pattern dimensions that produced gelling were determined
for each substrate. The time point at which hydrogel initially
appeared varied across the substrates. The area of the
hydrogel was measured over an exposure time of 60 s to
include the eﬀects of continued hydrogel formation with
time (Figure 4). The diameters of the circular optical patterns
used for the diﬀerent substrates were mineral pigment
(450 μm), electrical tape on a glass coverslip (550 μm),
carbon black (420 μm) and a-Si (580 μm). The a-Si substrate
was used in the subsequent experiments presented here,
as it made the microscope images within the microﬂuidic
chamber clearer. The absorptive nature of the surface of
other substrates hinders reﬂective microscopy, which was
used in the experiments here. The ability to visualize the
cells is crucial in diﬀerentiating anomalous cells from the
bulk of a suspension, so the superior imaging qualities of
the a-Si substrate made it easier to work with than the other
substrates.
The resolution of this technique can be improved by
replacing the computer projector with a laser operating
in the near-infrared, visible, or UV wavelength range. Hydrogel formation using the computer projector light source
is limited by the intensity of the light from the lamp in
the projector. The relatively low intensity requires larger
illuminated areas to create suﬃcient heat to trigger the PNIPAAm gelation. Thus, the resolution of hydrogel formation
was examined further using the a-Si substrate and a 635nm, 10-mW diode laser as the optical source. The laser
was focused down to a spot of approximately 108 μm2 . The
substrate was irradiated for 30 s at various laser powers,
and the resulting hydrogel area was measured (Figure 5).
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Figure 5: Hydrogel area as a function of power, using a 635-nm
diode laser as the optical source. The area of the laser spot was
approximately 108 μm2 . The substrate was irradiated for a period of
30 seconds to generate each data point. The graph shows the average
hydrogel area measured across ﬁve trials and the standard deviation
of the measurements.

The smallest resultant gel area was 182 μm2 . To remove
the eﬀect of accumulated substrate heating, measurement
at each power level was performed at a diﬀerent location
in the microﬂuidic chamber. The gels formed with the
laser have a smaller area than those produced using the
computer projector. However, since the laser is focused into
a single point, it does not provide as much ﬂexibility as the
projection of computer-drawn patterns. Thus, the trapping
experiments utilized the computer projector setup although
more ﬂexibility would be possible by using holographic
imaging or spatial light modulators, similar to those used in
holographic optical tweezers [29].
4.2. Microbead Trapping. The capability of trapping speciﬁc
objects in 3D hydrogels was demonstrated using polystyrene
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Figure 6: Trapping of 20-μm-diameter polystyrene microbeads in an optically patterned hydrogel. The scale bar is 200 μm. (a) A PNIPAAm
solution containing 10- and 20-μm-diameter microbeads was introduced into the microﬂuidic chamber. The solution is ﬂowing from the
right to the left at a linear ﬂow rate of 100 μm/s. A clump of beads was targeted for trapping, as indicated by the arrow. (b) An optical pattern
is used to heat the substrate, causing a hydrogel to form in the illuminated area. (c) The hydrogel with the optical pattern removed, showing
the trapped target particles. (d) Substrate cooling in the absence of optical heating reverses the trap, and the beads begin to ﬂow away.

beads, which also served as model particles for cells. A group
of 20-μm-diameter polystyrene microbeads was selectively
trapped from a solution containing 10-and 20-μm beads
using optically induced hydrogel formation (Figure 6). Here,
polystyrene particles were added to the PNIPAAm solution
and ﬂowed through the microﬂuidic chamber at a linear
ﬂow rate of 100 μm/s. A target was identiﬁed, consisting
of a clump of beads (Figure 6(a)). An appropriate light
pattern was activated to trigger hydrogel formation, trapping
the target group of beads (Figures 6(b) and 6(c)). Other
beads in the solution were diverted around the hydrogel
formation. Switching oﬀ the light pattern allows the substrate
temperature to decrease, reducing the amount of hydrogel.
As the gel reverts back to its sol state, the trapped beads
are released, and begin to wash away with the ﬂuid ﬂow
(Figure 6(d)).
4.3. Mammalian Cells. The optically controlled culturing
system was also tested with mammalian cells. Single- and
multiple-cell trapping as well as parallel trapping were
demonstrated with MDCK II cells. The cells were added to
PNIPAAm/PBS solution, resulting in a cell density of approximately 1 × 105 cells/mL and 10% (w/v) concentration of
PNIPAAm. The MDCK II cells were selectively trapped using
optically induced hydrogel formation (Figure 7). Initially, the
cell solution was introduced into the microﬂuidic chamber,
and target cells were selected (Figures 7(a) and 7(d)). Under

no-ﬂow conditions, appropriate light patterns were activated
to trigger hydrogel formation in the immediate surrounding
area, trapping speciﬁc cells. Single cells can be trapped,
(Figures 7(a)–7(c)) or multiple cells (Figures 7(d)–7(f)).
Cells can be trapped in parallel by using multiple light
patterns (Figure 7(e)). Cells that are not trapped are ﬂushed
by ﬂowing PNIPAAm/PBS or buﬀer solution until the free
cells are ﬂushed away, leaving only the cells within the
optically patterned gels (Figures 7(c) and 7(f)). At this point,
the light patterns can be turned oﬀ as long as the device
temperature is maintained above 32◦ C.
Cell viability tests on MDCK II and HeLa cells were
performed immediately after the trapping procedure using
a ﬂuorescent LIVE/DEAD assay. The cells were suspended in
10% (w/v) PNIPAAm in PBS. The cells were irradiated with
a circular light pattern 200 μm in diameter for approximately
20 minutes while trapping and ﬂushing took place (Figures
8(a) and 9(a)). Buﬀer solution was used to remove the
cells not trapped in the gel from the device, and then,
PBS solution containing the viability assay components was
ﬂushed in. As soon as ﬂow was stopped, the light pattern
was removed, and the temperature of the ITO heater was
raised above the LCST to compensate for the loss of heat.
The cells were incubated for 25–30 minutes, as the stain
was allowed to permeate the hydrogel. Cell viability of a
MDCK II sample was approximately 100%, with no dead
cells visibly ﬂuorescing (Figure 8(b)). In the experiment with
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Figure 7: Gelation of hydrogels using optical control, demonstrating the trapping of MDCK II cells in 3D hydrogels. (a) Initial cell
distribution. The two target cells are circled in the inset. Other cells will be ﬂushed away. The inset scale bar is 100 μm. (b) A light pattern
(bright circle) is used to trigger hydrogel formation (dark circular area), trapping the target cells. Cells not trapped in the gel are ﬂushed
away. (c) The two target cells remain in the 3D hydrogel. (d) Initial cell distribution when using parallel optical patterns to trap MDCK II
cells in 3D hydrogels. Four target cells are circled in the inset. Other cells will be ﬂushed away, except those trapped by the second optical
pattern. The inset scale bar is 100 μm. (e) Light patterns (bright circles) are used to trigger hydrogel formation (dark circular areas), trapping
the target cells while free cells are ﬂushed away. (f) The four target cells remain in the 3D hydrogel.

HeLa cells, over 80% of the cells entrapped in the optically
patterned hydrogel ﬂuoresced green, indicating that the cells
survive the process (Figure 9(b)). Some cells at the border
of the hydrogel exhibited the red ﬂuorescence indicative of
cell death (Figure 9(c)). It was expected that the trapping
procedure should have an insigniﬁcant eﬀect on viability,
as PNIPAAm is biocompatible [27, 28]. Furthermore, the
cells are exposed to an optical intensity of only 0.17 W/cm2 ,
as most of the incident light is absorbed by the substrate.

This intensity should not directly cause increased DNA
fragmentation [30]. These properties make our technique
safe for the culturing of speciﬁc cells in 3D.

5. Conclusion
In this work, a cell culture system was demonstrated with
the ability to trap cells of interest in reversible 3D scaffolds composed of a thermoresponsive hydrogel, PNIPAAm.
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(a)

(b)

Figure 8: Cell viability testing using LIVE/DEAD assay on trapped MDCK II cells. (a) Initial distribution of MDCK II cells after 50 minutes
in an optically patterned hydrogel. The starting cell density was approximately 1 × 105 cells/mL in solution. The dashed circle encloses
the area that was gelled. The circular objects that are visible are the cells. (b) Fluorescent image of the same cells from (a), demonstrating
approximately 100% viability. Cells lying outside the gel were not taken into account. Live cells ﬂuoresce green, while dead cells ﬂuoresce
red. Fluorescent cells appear as bright spots in these images.

200 μm
(a)

(b)

(c)

Figure 9: Cell viability testing using LIVE/DEAD assay on trapped HeLa cells. (a) Initial distribution of HeLa cells after 45 minutes in an
optically patterned hydrogel. The starting cell density was approximately 1 × 106 cells/mL in solution. (b-c) Fluorescent images of the same
cells from (a), demonstrating approximately 81% viability. Live cells ﬂuoresce green (b), while dead cells ﬂuoresce red (c). Fluorescent cells
appear as bright spots in these images.

The culture system utilizes a simple microﬂuidic device that
acts as a repository for the hydrogel solution containing
the cell sample while the trapping procedure is performed.
Optically generated heating is used to induce localized
gelation of cells within the device, enabling the trapping of
speciﬁc cells. Two possible methods of generating localized
heating at the cellular level were shown: using a modiﬁed
commercial projector as a source of light and using a diode
laser. The projector oﬀers a higher degree of ﬂexibility for
pattern generation, whereas the higher intensity of the laser
provides a stronger heat source and can thus create gels with
smaller areas. The intensity of either source is not at a level
where it is expected to damage the irradiated cells. To test
the trapping capabilities of the culture system, experiments
involving microbeads as well as MDCK II and HeLa cells have
been performed. With MDCK II cells, single- and multiplecell trapping was achieved, using a single light pattern or

multiple simultaneous patterns. Preliminary viability tests
show that over 80% cells survive the trapping procedure.
Future work includes performing further viability tests at
later time points during the cell cultivation process.
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This paper presents optoelectroﬂuidic technologies for manipulation of nanoparticles and biomolecules. Optoelectroﬂuidics
provides an elegant scheme for the programmable manipulation of particles or ﬂuids in microenvironments based on optically
induced electrokinetics. Recent progress on the optoelectroﬂuidic manipulation of nanoobjects, which include nanospheres,
nanowires, nanotubes, and biomolecules, is introduced. Some potential applications of the optoelectroﬂuidic nanoparticle
manipulation, such as nanoparticles separation, nanostructures manufacturing, molecular physics, and clinical diagnostics, and
their future directions are also discussed.

1. Introduction
A number of advances in micro- and nanomanipulation
techniques have been made due to the increase of needs
for high performance manipulation—trapping, transportation, separation, concentration, and assembly—of micro/nanoobjects in a variety of applications. In particular, manipulating nanoobjects such as nanospheres, nanowires,
and biomolecules has provided tremendous opportunities
in various application ﬁelds, including from device manufacturing to chemical analysis. For addressing such nanoparticle applications, numerous techniques based on various
forces such as mechanical [1–4], optical [5–9], electrical
[10–13], and magnetic [14, 15] forces have been introduced. In this paper, we present the fundamentals of optoelectroﬂuidics and the major experiments performed to
date for manipulating nanoparticles and molecules using
the optoelectroﬂuidic platforms. Recent progress and some
potential applications of optoelectroﬂuidic technology for
nanoparticle manipulation, as well as its future direction are
discussed.

2. Conventional Techniques for
Nanoparticle Manipulation:
Optical and Electrical Methods
Optical manipulation techniques have attracted much attention for a long time since the appearance of optical
tweezers in 1970 [5] and been one of the most frequently
used methods because one can directly trap and transport
individual particles on demand based on the optical ﬁeld
of a tightly focused laser beam. However, it is well known
that a lower bound on the size to which light can be focused
is limited by the diﬀraction limit, which is given by d =
1.2λ/N.A., where λ and N.A. are the wavelength of the
light and the numerical aperture of the lens, respectively
[16]. Despite such limitations, conventional optical tweezers
have been used to trap not only viruses [17] and biological
cells [18] but also metallic nanoparticles [6], nanowires
[7], and carbon nanotubes (CNTs) [8]. When the target
object is much smaller than the diﬀraction limit as the
case of nanoparticles, the trap stability is dependent on the
polarizability of the particles because they can be treated as

2
point dipoles in an inhomogeneous electromagnetic ﬁeld of
the optical trap [6]. In the Rayleigh regime, however, the
trapping force is proportional to the volume of the particle,
thereby an extremely high power laser source is required
for trapping nanoparticles. For dielectric nanoparticles such
as latex, the situation is more challenging than for metallic
nanoparticles because the laser power needed for trapping
latex nanoparticles is signiﬁcantly higher than that for
metallic particles of similar size. For biomolecules, most of
the researchers have tried to manipulate and characterize
the physical properties of the molecules by attaching them
onto microbeads and manipulating the beads [9]. In this
paper, however, only the direct manipulation of molecules,
which are not immobilized onto any supporting substrates
as a carrier, would be considered. To our knowledge, there
are no studies, in which direct trapping and transporting of
biomolecules using a conventional optical tweezers system
have been demonstrated.
To deal with the limitation of conventional optical tweezers, several types of advanced optical manipulation techniques using near ﬁeld photonics have been reported [19].
Silicon waveguides have been applied to directly manipulate
nanoparticles and λDNA molecules [20]. By using the
subwavelength slot waveguides, the intensity of the optical
ﬁeld and the sharpness of the gradient could be increased,
resulting in the increase of the optical force. Recently, an
alternative method based on an optical resonator, which
ampliﬁes the local optical ﬁelds, has also been demonstrated
[21]. They could generate extremely strong optical ﬁeld gradients in three dimensions while simultaneously enhancing
the trap stiﬀness due to the optical ﬁeld ampliﬁcation within
the resonator. Methods based on localized surface plasmon
resonance (LSPR) have also been applied to trap nanosized
particles. For example, excitation of LSPR between two gold
nanodots with a focused laser beam could generate strong
optical forces to trap [22]. Plasmonic dipole antenna has also
been applied to enhance the optical ﬁeld and to trap 10 nm
gold nanoparticles with stronger forces [23]. Although these
methods oﬀered a new way to reduce the incident laser power
to trap nanoparticles with higher stability compared to
the conventional optical tweezers, transportation of trapped
nanoparticles at a speciﬁc region of interest is not possible
because they always require the patterned metal structures
in a predeﬁned design to enhance the optical ﬁelds and to
trap the particles. In addition, these methods still require
relatively complicated optical setup for ﬂexible manipulation
of the optical pattern and ﬁne alignment of the optical path,
which aﬀect the performance of nanoparticle manipulation.
Electrical methods, especially using electrokinetic mechanisms such as electrophoresis, dielectrophoresis (DEP),
and AC electroosmosis (ACEO), have been widely used for
the manipulation of nanoparticles as well. For example,
under a nonuniform electric ﬁeld formed by patterned
microelectrodes, nanospheres, nanowires, and nanotubes as
well as biomolecules move towards or repel from the edge of
the electrodes, around which an electric ﬁeld is the strongest,
by DEP forces, which depend on the dielectric properties of
target matters and surrounding medium. Some drag forces
due to the ﬂow eﬀects such as ACEO and electrothermal
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(ET) ﬂow also aﬀect the movement of nanoparticles. In 1997,
Green and Morgan [10] ﬁrst demonstrated the DEP-based
manipulation of 93 nm latex beads using microelectrode
arrays. Precise alignment and placement of semiconducting nanowires onto electrode patterns have been recently
demonstrated on the basis of positive DEP, which means the
movement of particles towards the strongest electric ﬁeld
area [11]. Separation of metallic single-walled CNTs from
semiconducting ones has also been demonstrated based on
their diﬀerent dielectric properties, which cause diﬀerent
DEP behaviors [12]. In addition, gold nanoparticles were
concentrated and assembled onto the electrodes by several
AC electrokinetic mechanisms such as positive DEP, ACEO,
and ET ﬂows [13]. Although these electrical techniques oﬀer
simple and versatile setup for nanoparticle manipulation
compared to the optical methods, it has been only possible
to manipulate them under a ﬁxed electric ﬁeld distribution
formed by predesigned electrode patterns.

3. Optoelectroﬂuidics
To combine their own advantages of optical and electrical manipulation technologies, an alternative manipulation
technique, so-called optoelectroﬂuidics, has been suggested.
Optoelectroﬂuidics refers to the motions of particles or ﬂuids
under an electric ﬁeld, which is induced or perturbed by
an optical source [24]. There are two typical approaches
for optoelectroﬂuidic manipulation [25]: (i) direct change
of liquid properties by light and (ii) change of surface
conductivity by light. Although both methods have been
applied for optoelectroﬂuidic manipulation of nanoparticles
including biomolecules, more widely used method is the
latter one, which is based on the photoconductivity of a
surface, because there is no signiﬁcant change in the natural
properties of sample ﬂuid and more ﬂexible application is
available based on several electrokinetic mechanisms such as
DEP and ACEO by forming a nonuniform electric ﬁeld in the
ﬂuid.
In the case of the former one, local temperature increase
of ﬂuid under an electric ﬁeld by illuminating a strong light
source has been usually used to induce electrohydrodynamic
vortices due to local change of electrical conductivity and
permittivity of the ﬂuid depending on its temperature
(Figure 1(a)). Mizuno et al. [26] have ﬁrst demonstrated the
ET vortices induced by a strong infrared (IR) laser source
and applied to transport DNA molecules in 1995. Although
they have also simultaneously applied an optical ﬁeld and an
electrical ﬁeld to manipulate particles and molecules [27–
29], those works are not included in this paper since two
ﬁelds independently worked for diﬀerent purposes in those
studies: an optical force for trapping, positioning, or cutting;
and an electrostatic force for rotating or extracting.
In the case of the latter one, a light source is used to
make only the partially illuminated area of the surface become more conductive than other area and to form a
nonuniform electric ﬁeld in the liquid sample, resulting in
several electrokinetic phenomena (Figure 1(b)). Hayward et
al. [30] have ﬁrst demonstrated the electrokinetic patterning
of microbeads under a nonuniform electric ﬁeld formed
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Figure 1: Schematic illustration of two typical approaches for optoelectroﬂuidic particle manipulation: (a) using light for changing sample
properties and (b) using light for changing conductivity of the surface.

by an ultraviolet (UV) light pattern projected onto an indium tin oxide surface in 2000. Since the appearance of
a technology so-called optoelectronic tweezers (OET) [31]
in 2005, photoconductive materials such as hydrogenated
amorphous silicon (a-Si : H) have started to be used so that
a weak conventional white light source is applicable for
inducing electric ﬁelds and operating the optoelectroﬂuidic
devices [31–34]. In addition, several types of display devices,
such as a digital micromirror device [31], a beam projector
[33], and a liquid crystal display [32, 35], have been utilized
to generate a dynamic image pattern for programmable
manipulation of the electric ﬁeld distribution.
The OET-based optoelectroﬂuidic platforms provide
many advantages over the conventional methodologies based
on optical and electrical mechanisms. Compared to optical
manipulation technologies, the OET-based optoelectroﬂuidic technologies require much less optical power and offer much larger manipulation area. In addition, compared
to conventional electrical methods, in which ﬁxed electrode patterns are applied, reconﬁgurable virtual electrodes
formed by an optical manner allow parallel manipulation of
massive amount of particles at a speciﬁc region of interest in
a wide area. Due to those advantages, the optoelectroﬂuidic
platforms have been widely applied to manipulate several
kinds of cells, including blood cells [35], motile bacteria [36],
and oocytes [37], as well as nonbiological microparticles
including polymeric microbeads [38].
Since the optoelectroﬂuidic devices are originally based
on the electrokinetic phenomena under an electric ﬁeld,
which is induced or controlled by an optical source, the
operating mechanisms for the manipulation are also the
same with the conventional electrokinetic devices except

for those electrokinetic driving forces are controlled in an
optical way. Therefore, typical electrokinetic mechanisms,
including electrophoresis, DEP, ACEO, and ET ﬂows, have
been usually applied to manipulate particles or ﬂuids in the
optoelectroﬂuidic devices. There are some helpful literatures,
in which those physical phenomena in the optoelectroﬂuidic
device are presented in detail [25, 39, 40]. In this paper, therefore, we focus on dealing with typical experimental studies for nanoparticle manipulation in optoelectroﬂuidic devices and the physical mechanisms utilized in those studies.

4. Optoelectroﬂuidic Manipulation
of Nanoparticles
Some research groups have tried to manipulate several types
of nanoscale objects from spherical nanoparticles to biological molecules using the optoelectroﬂuidic platforms. In
this section, we will introduce typical experiments, in which
various nanoobjects including nanospheres, nanowires, nanotubes, and biomolecules have been manipulated using several types of optoelectroﬂuidic platforms, with the physical
mechanisms applied therein.
4.1. Nanospheres. There were a few studies, in which nanospheres were manipulated using an optoelectroﬂuidic platform. Due to the extremely small volume of nanospheres,
relatively small electrode gap and high voltage are required
for manipulating them only with the DEP force [41],
FDEP ∝ r 3 ∇|E|2 , where r is the particle radius and E
is the electric ﬁeld, as overcoming the Brownian motion
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related to the random force, Fthermal ∼ kB T/2r, where kB
is the Boltzmann constant and T is the temperature [42].
Therefore, spherical nanoparticles have been usually manipulated using the hydrodynamic drag forces, Fdrag = 6πrη(u −
v), where η is the ﬂuid viscosity, u is the ﬂow velocity,
and v is the particle velocity, by the optically induced
electrohydrodynamic eﬀects—ACEO and ET ﬂows [43–45].
The optically induced ACEO is a ﬂuidic motion generated by the ionic motion within the electric doublelayer (EDL) along the tangential electric ﬁeld, Et , which
is formed by partial illumination of the photoconductive
layer [38]. The ACEO slip velocity, uslip , which is the velocity at the top of the EDL, along the surface of the photoconductive layer is proportional to the charges contained
in the EDL; the tangential electric ﬁeld strength; and the
−1/2
Debye length, λD ∝ (c0 Z 2 ) , where Z is the valance
of the ions and c0 is the concentration [46]. Chiou et al.
[43] have demonstrated the concentration of 50 nm and
200 nm polystyrene nanoparticles and quantum dots using
this ACEO in an OET device. When a light pattern was
projected onto the photoconductive layer, the ACEO vortices
were generated around the pattern and concentrated the nanospheres towards the pattern within several tens of seconds.
They could determine the concentration of nanospheres
through increase of the ﬂuorescence intensity in the illuminated area as shown in Figure 2(a).
The optically induced ET eﬀect, which is due to the thermal gradient in a ﬂuid, has also been applied to concentrate
and to pattern nanospheres. The thermal gradient, which can
be generated by local illumination of a strong light source
[26] or by Joule heating [39], induces a gradient in the ﬂuid
permittivity and conductivity, resulting in a ﬂuidic motion
under an electric ﬁeld [47]. Williams et al. [44] have applied
the ET vortices, which were created by IR-induced local
heating of a ﬂuid under an electric ﬁeld, to concentrate and
pattern 49 nm and 100 nm polystyrene nanoparticles. They
also characterized those concentration phenomena against
the applied AC frequency and voltage (Figure 2(b)). On
the other hand, Jamshidi et al. [45] have concentrated and
patterned metal nanoparticles using the ET vortices, which
were induced by Joule heating in an OET device as shown in
Figure 2(c). The Joule heating-based ET eﬀect requires much
weaker light source than that for sample heating-based ET
eﬀect and is dominant in the OET-based optoelectroﬂuidic
platforms, in which virtual electrodes are formed by partial
illumination of the photoconductive layer, because the heat is
originally generated by an electrical source, not by an optical
source.
4.2. Nanowires and Nanotubes. Nonspherical nanoparticles
such as nanowires and nanotubes have also been manipulated on the basis of the optoelectroﬂuidic methods. In the
case of nanowires or nanotubes, DEP force acting on them
can be deﬁned as FDEP ∝ r 2 l Re[K]∇|E|2 , where l is the
length of nanowires or nanotubes and Re[K] is the real part
of the Clausius-Mossotti factor [41]. Thus, the DEP force
acting on the nanowires or nanotubes can become much
larger than that on spherical nanoparticles, which have the
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same r with the nanowires or nanotubes, depending on their
length.
Jamshidi et al. [48] have utilized these characteristics of
DEP for trapping and transporting silver nanowires (100 nm
diameter and 5 μm length) with positive DEP force induced
by a laser source in an OET device. The metal nanowires were
much more polarizable than the surrounding media, thus the
Re[K] was larger than 1, resulting in the positive DEP, in
which the particles move towards a light pattern where the
electric ﬁeld strength is larger than other area. They could
also separate silver nanowires from silicon nanowires based
on their diﬀerent DEP mobility depending on the Re[K]
(Figure 3(a)). Based on the same principles, Pauzauskie et al.
[49] have successfully addressed multiwalled CNTs with high
translation velocity over 200 μm/s. They could also modulate
the density of CNTs based on their repulsive interactions
(Figure 3(b)). The repulsion among those concentrated
CNTs might be due to the electrostatic interaction force
which depends on the distances among the particles, the
polarizability of the particles, the electric ﬁeld, and the
particle size [50]. Therefore, the density of nanoparticles
within a speciﬁc area would also be controllable based on
the intensity and the shape of an image pattern, which
correlates with the strength and the direction of an electric
ﬁeld, respectively.
4.3. Molecules. Several types of optoelectroﬂuidic platforms
and various mechanisms have been applied to manipulate
biological molecules such as DNA and proteins [43, 51–
54]. Here we will review them according to the underlying
mechanisms for manipulation.
Most biomolecules are charged under a speciﬁc pH of the
solution, thus the electrophoretic force acting on a charged
objects in an electric ﬁeld, which is deﬁned by FEP = qE,
where q is the net charge of the particle, is very useful to
manipulate them. The optoelectroﬂuidic devices, in which
TiO2 and Ge photoanodes were used as the photoconductive
layer, have been applied for transport and separation of
charged proteins such as bovine serum albumin (BSA) and
cytochrome c under an optically modulated DC electric ﬁeld
within agarose gel (Figure 4(a)) [51]. They also applied this
technique to separate DNA fragments based on their size—
10 bp and 3000 bp [52]. It took relatively long time over
several tens of minutes because they applied a gel system,
which is much more viscous than a liquid system, resulting
in much stronger drag force.
The optically induced DEP and ET ﬂows in an OET device have also been applied to manipulate DNA molecules.
Hoeb et al. [53] have tried to manipulate DNA with DEP
induced by projecting a diode laser onto the a-Si : H layer.
They could also observe some convection-like motions of
DNA molecules due to the local heating of the sample ﬂuids
by a strong laser source. The moving characteristics of DNA
molecules after correcting the motion by thermal ﬂows were
agreed well with the calculated DEP characteristics of DNA
as shown in Figure 4(b).
DNA has been manipulated with the optically induced
ACEO as well. Chiou et al. [43] could successfully concentrate λ-phage DNA with the light-induced ACEO vortices
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Figure 2: Optoelectroﬂuidic concentration and patterning of nanospheres. (a) Fluorescent polymeric nanoparticles and quantum dots using
optically induced ACEO ﬂows (adapted with permission from Chiou et al. [43] Copyright 2008 IEEE). (b) Voltage-dependent concentration
of ﬂuorescent polymeric nanoparticles using a laser-induced electrothermal (ET) eﬀect (Williams et al. [44]—reproduced by permission of
The Royal Society of Chemistry). (c) Dynamic concentration and patterning of metal nanoparticles using a Joule heating-induced ET eﬀect
and DEP-mediated immobilization (adapted with permission from Jamshidi et al. [45], Copyright 2009 American Chemical Society).
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as like polymeric nanoparticles and quantum dots. Hwang
and Park [54] have manipulated proteins such as BSA,
polysaccharides such as dextran, and ﬂuorescent dyes such
as ﬂuorecein and bisbenzimide using the same phenomena.
They investigated the frequency-dependent concentration
eﬀect of those molecules depending on several electrokinetic
mechanisms including DEP and electrostatic interactions as
well as ACEO (Figure 4(c)). Moreover, they could control
their local concentration in both temporal and spatial
manner by controlling the applied AC signal and the light
pattern.
Not only the OET devices, but also the optically induced
ET eﬀect in microelectrode system have also been applied
for manipulating molecules. Mizuno et al. [26] have ﬁrst
demonstrated transport of DNA molecules by the ET ﬂows
induced by a laser spot focused in the middle of an AC
electric ﬁeld. Nakano et al. [55] have applied the laserinduced ET ﬂows in a microelectrode system to trap and
stretch long DNA molecules based on high-shear rate as
shown in Figure 4(d).

5. Applications
Much research has been actively conducted on the optoelectroﬂuidic manipulation of nanoparticles over worldwide
as mentioned above, but most of them have focused only
on demonstrating the concentration and patterning of
nanoparticles or molecules. Only a few practical applications,
in which the optoelectroﬂuidic platforms provide their
own advantages over other conventional tools for the same
purposes, have been developed to date. Here we introduce
some studies, in which potential applications of the optoelectroﬂuidic technologies for nanoparticle manipulation
are shown, and discuss about the future directions of this
technology for its more practical uses.
5.1. Separation of Nanoparticles. Puriﬁcation of nanoparticles remains as one of signiﬁcant challenging issues in the
preparation of well-deﬁned materials. For separating or purifying nanoobjects using the optoelectroﬂuidic phenomena,
the separation criteria might be almost the same with that
for conventional electrokinetic separation technologies—
size, dielectric constant, or charge of the target particle.
For example, size-based separation of synthesized metal
nanoparticles [56, 57] or puriﬁcation of single-walled CNTs
from catalytic impurities [58, 59] would be possible based
on the diﬀerences in their size or dielectric properties
using the optoelectroﬂuidic mechanisms such as optically
induced DEP. In practice, silver nanowires could be separated from semiconducting silicon nanowires based on
their DEP characteristics in an optoelectroﬂuidic device
(Figure 3(a)) [48]. This study is the ﬁrst demonstration
of optoelectroﬂuidic separation of nanowires. However, it
might be more meaningful if one could apply this elegant
scheme not only for simple demonstration to show what
kind of particles they can move, but also for more practical
uses. For example, separation of metallic single-walled CNTs
from semiconducting CNTs would be more practical in the
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perspective of puriﬁcation of CNTs prepared by a chemical
vapor deposition method—it has been demonstrated using
DEP in metal microelectrodes [12].
In addition, in the perspective of separation performances such as purity, recovery, resolution, and throughput, it is still questionable whether the optoelectroﬂuidic
techniques are more practically useful or have better performances compared to conventional separation technologies.
Even if continuous processing for injection of mixtures and
recollection of the separated samples is available based on
integrated microchannel structures [60], the reasons, why we
should use the optically induced virtual electrodes, which
requires the photoconductive layer in addition to an electrode, instead of just-patterned microelectrodes, might still
remain as an unanswered question. On the same line with
this, for practical uses of the optoelectroﬂuidic technologies
for nanoparticle separation, fully integrated processing from
sample preparation or separation to applications—assembly
or detection—in a tiny volume of sample droplet without any
ﬂuidic components would be required.
5.2. Manufacturing of Nanostructures. For the application of
optoelectroﬂuidic platforms in nanoscience except biology
and chemistry, manufacturing or synthesis of nanostructures
might be one of the most potential applications, in which
they can be applied to practical uses, because most of the
research in this ﬁeld have focused on the concentration,
alignment, assembly, or patterning of various nanoobjects.
For example, dynamic manipulation of individual nanowires
(Figure 3(a)) [48] and patterning of metal nanoparticles
(Figure 2(c)) [45] based on optoelectroﬂuidics showed the
potential of this technology on nanofabrication well.
Jamshidi et al. [45] have shown that a metal nanostructure patterned by the optoelectroﬂuidic concentration is
applicable as a photonic nanostructure like surface-enhanced
Raman scattering (SERS) substrate. However, compared
to conventional techniques for manufacturing photonic
structures, such as chemical self-assembly [61], electron
beam lithography [62], focused ion beam milling [63], the
optoelectroﬂuidic patterning of nanoparticles has still a lot of
room for improvements in the view-points of reproducibility
and tenability. In addition, such approaches to fabricate
SERS-active substrates, in which metal nanoparticles were
concentrated and patterned into a predeﬁned area, could
be achieved not only by the optoelectroﬂuidic methods
but also by conventional electrokinetic methods based on
prepatterned microelectrodes [64, 65]. To overcome those
conventional technologies and to develop more practical
tools based on the optoelectroﬂuidics, the own intrinsic
advantages of the optoelectroﬂuidic platforms, in which
dynamic control of virtual electrodes is available using a light
pattern, could be applied. For example, the nanostructures,
which are actively controllable using a light pattern, could be
generated in a speciﬁc area of interest by projecting a light
pattern into the desired area. Such an on-demand formation
of nanostructures would be useful for constructing an
active SERS platform for detecting chemicals with enhanced
Raman scattering signals in a speciﬁc area of interest whenever we want. Recently, such an optoelectroﬂuidic-active
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Figure 3: Optoelectroﬂuidic trapping and manipulation of nanowires and nanotubes. (a) Separation of metal nanowires from
semiconducting nanowires based on their diﬀerent dielectric characteristics (adapted by permission from Jamshidi et al. [48], Copyright
Macmillan Publishers Ltd. 2008). (b) Trapping of carbon nanotubes using optically induced dielectrophoresis and their electrostatic
repulsion (adapted with permission from Pauzauskie et al. [49], Copyright 2009, American Institute of Physics).

SERS platform has been reported [66]. In that study, active
generation of SERS substrate by optoelectroﬂuidic concentration of gold nanoparticles into a speciﬁc area of interest
and in situ measurement of SERS signals from small molecules around the area has been demonstrated as shown in
Figure 5(a).
5.3. Molecular Physics. Hwang and Park [67] have developed
a new system based on an optoelectroﬂuidic manipulation
platform for measuring the mobility of molecules in a liquid
solution (Figure 5(b)). They utilized the phenomena that the
molecules were immediately depleted from the illuminated
area in the application of extremely low AC frequency around
100 Hz. After turning oﬀ the voltage, the depleted molecules
were diﬀused into the area, resulting in the recovery of
the ﬂuorescence signal. By measuring the recovery rate,
the diﬀusion coeﬃcient of molecules could be measured.

Compared to the conventional techniques such as ﬂuorescence recovery after photobleaching [68] or ﬂuorescence
correlation spectroscopy [69], this method does not require
high-power lasers, high-speed camera, photobleaching of the
sample, ﬂuidic components, and complicated optical components. In addition, this technology provides wider operation range because the molecular depletion area can be controlled by adjusting the light pattern size. However, the optoelectroﬂuidic technique is not applicable for in vivo measurements and always requires an electrical source, which is
not necessary for the conventional optical technologies.
Elongation of DNA molecules by the optically induced
ET vortices has also been demonstrated by Nakano et al.
[55] in 2006. They trapped λ- and T4-phage DNA molecules
within the ET vortices induced by a laser spot focused
into an AC electric ﬁeld and observed their coil-stretching
transitions by strong shear ﬂows (Figure 4(d)). They could
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Figure 4: Optoelectroﬂuidic manipulation of biomolecules. (a) Electrophoretic separation of proteins based on optically modulated DC
electric ﬁeld (adapted by permission from Hafeman et al. [51], Copyright 2006 National Academy of Sciences, USA). (b) Concentration of
DNA molecules using optically induced dielectrophoresis (DEP) and quantiﬁcation of their DEP mobility (adapted from Hoeb et al. [53],
Copyright 2007, with permission from Elsevier). (c) Dynamic control of local concentration of proteins, polysaccharides, and ﬂuorescent
dyes using optically induced ACEO vortices and their characteristics depending on the applied AC voltage and frequency (adapted with
permission from Hwang and Park [54], Copyright 2009 American Chemical Society). (d) Trapping and stretching of long DNA molecule
using ET ﬂows induced by a laser source focused into an AC electric ﬁeld (adapted with permission from Nakano et al. [55], Copyright 2006,
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Figure 5: Optoelectroﬂuidic tools for biological and chemical applications. (a) Active surface-enhanced Raman scattering (SERS) substrate
for in situ detection of molecules in a speciﬁc area at a speciﬁc time of interest (Hwang et al. [66]—reproduced by permission of The Royal
Society of Chemistry). (b) Measurement of molecular diﬀusion coeﬃcient by analyzing recovery rate after optoelectroﬂuidic molecular
depletion from the illuminated area at a low AC frequency condition (adapted with permission from Hwang and Park [67], Copyright
2009 American Chemical Society). (c) Sandwich immunoassays driven by a dynamic image pattern and optoelectroﬂuidic mechanisms
for detection of human tumor marker using SERS probe nanoparticles (adapted with permission from Hwang et al. [76], Copyright 2010
American Chemical Society).
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also adjust the ﬂow velocity by controlling the laser power.
The higher laser power was applied, the faster ET ﬂows
occurred, resulting in longer extended length of DNA.
In spite of these studies, the area of molecular physics,
which can be studied with the direct manipulation of
molecules, is restricted. Thus, many people applied some
supporting substrates such as polymeric microbeads capturing the target molecules to make it easier or possible
to accurately manipulate molecules and measure their
physical properties using the manipulation tools. Although
we did not review those cases, various manipulation tools
such as optical tweezers [70, 71], magnetic tweezers [72],
and atomic force microscopy [73] have been applied for
those purposes [74]. Molecular manipulation through the
indirect manipulation of a supporting microbead, on which
DNA molecules were attached, has also been demonstrated
in an optoelectroﬂuidic device. They could stretch DNA
molecules by moving the supporting microbeads based
on the optically induced DEP [75]. This method showed
the potential of optoelectroﬂuidic technologies as a single
molecule force spectroscopy, but quantiﬁcation of the force
acting on those molecules might be much more diﬃcult
than other technologies, in which only one kind of forces
works on deforming the molecules, diﬀerently from the
optoelectroﬂuidic devices wherein various AC electrokinetic
mechanisms such as DEP, ACEO, ET ﬂows, and electrostatic
forces simultaneously exist. In addition, the limitation of
the optoelectroﬂuidic platforms that the driving forces are
dependent on the electrical properties of the sample ﬂuid
also interferes with the ﬂexible application of those platforms
to the studies using chemical and biological samples, of
which properties are also sensitive to the buﬀer conditions.
5.4. Immunoassays. The ﬁrst optoelectroﬂuidic tool for
clinical diagnostics has been recently developed by Hwang
et al. [76]. They demonstrated sandwich immunoassays
for detection of human tumor marker using an optoelectroﬂuidic platform (Figure 5(c)). They could simultaneously
control the motions of the probe nanoparticles and the
supporting microbeads as well as the target molecules based
on their frequency-dependent optoelectroﬂuidic behaviors.
All the steps for sandwich immunoassay, including mixing, washing, and detection, were automatically conducted
in an OET-based optoelectroﬂuidic device with various
electrokinetic mechanisms such as DEP and ACEO, which
were controlled by a dynamic light pattern generated
from an LCD and by the applied AC signals. Simple and
quantitative SERS-based immunoassay of human tumor
marker, alpha-fetoprotein, with lower detection limit of
about 0.1 ng/mL has been possible in a ∼500 nL total
sample droplet within 5 min. Compared to the conventional microﬂuidic devices for immunoassays [77, 78], this
optoelectroﬂuidic platform does not require any ﬂuidic
components and spends less dead volumes and disposables.
They also showed the simultaneous control of multiple
assays using a programmed LCD image. However, as like the
molecular studies based on the optoelectroﬂuidic devices,
the conductivity of physiological samples signiﬁcantly aﬀects
the manipulation performance of the optoelectroﬂuidic
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devices. For the direct analysis of salty solutions such
as blood plasma, therefore, an optoelectroﬂuidic device
with much higher photoconductivity is necessary. However,
the devices developed to date such as a phototransistorbased OET device [79] are so complicated and require
high costs and long time for the fabrication. Therefore,
more research for developing the optoelectroﬂuidic devices
which can be operated even under physiological conditions
should be promoted. More studies on the interactions of
proteins or nanoparticles under an electric ﬁeld as well as
the development of stable nanoprobes should be accomplished to increase the sensitivity of the optoelectroﬂuidic
immunoassays.

6. Conclusions
In this paper, we reviewed recent progress in optoelectroﬂuidics for nanoparticle manipulation and discussed future
challenges for development of practical applications. Some
typical experiments for manipulation of nanoparticles—
nanospheres, nanowires, nanotubes, and biomolecules—
using various optoelectroﬂuidic mechanisms such as electrophoresis, DEP, ACEO, and ET ﬂows induced in an optical
manner were introduced. In addition, potential applications
of the optoelectroﬂuidic nanoparticle manipulation such as
separation of nanoparticles, manufacturing of nanostructures, molecular physics, and immunoassays were suggested
and their future directions for overcoming the current
challenging issues were discussed.
There were a lot of advances in this optoelectroﬂuidic
ﬁeld especially during a few past years. Several types of optoelectroﬂuidic devices from the optically induced ET systems,
which were constructed with simple plate electrodes and a
strong laser source, to the OET devices based on a photoconductive layer and a display device have been developed
and applied for manipulation of various target particles
from polymeric microbeads and nanoparticles to cells and
biomolecules. Various physical mechanisms have also been
investigated including electrostatic particle-particle interactions and surface-particle interactions as well as electrokinetic mechanisms such as electrophoresis, DEP, ACEO,
and ET ﬂows. This optoelectroﬂuidics, which is the combination of optics, electrokinetics, and ﬂuidics, might be
one of the most powerful tools for noncontact manipulation of nano- and microparticles and would provide
valuable capabilities for creating novel applications and
extraordinary advances in nanoscience and nanotechnology.
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Droplet-based (digital) microﬂuidics has been demonstrated in many lab-on-a-chip applications due to its free crosscontamination and no dispersion nature. Droplet manipulation mechanisms are versatile, and each has unique advantages and
limitations. Recently, the idea of manipulating droplets with light beams either through optical forces or light-induced physical
mechanisms has attracted some interests, since light can achieve 3D addressing, carry high energy density for high speed actuation,
and be patterned and dynamically reconﬁgured to generate a large number of light beams for massively parallel manipulation. This
paper reviews recent developments of various optical technologies for droplet manipulation and their applications in lab-on-achip.

1. Introduction
Microﬂuidic devices promise a broad range of biomedical
and chemical applications due to their potentials of small
volume requirement, short analysis and diagnostic time, high
sensitivity, and high throughput analysis [1–3]. Recently,
particular attention has been paid to droplet-based (digital)
microﬂuidic devices since droplets isolated in immiscible oil
or air can be free from cross-contamination and dispersion
[4]. Numerous droplet-based applications including protein
crystallization [5, 6], polymerase chain reaction (PCR) [7,
8], enzyme kinetic assays [3, 9], and synthesis of organic
molecules or nanoparticles [10, 11] have been demonstrated.
Droplet manipulation mechanisms that have been investigated cover a broad range of physical principles, including electrowetting on dielectric (EWOD) [12, 13], dielectrophoresis (DEP) [14, 15], thermocapillary force [16, 17],
surface acoustic wave [18], magnetic force [19, 20], and
optical forces [21]. In recent years, many light-driven droplet
actuation mechanisms have been demonstrated, aiming to
provide more functionalities, ﬂexibility, lower cost, and
higher throughput droplet manipulation tools or platforms
[22, 23].

In general, optical-based droplet manipulation technologies can provide several unique advantages. First, light can
be patterned and reconﬁgured to provide dynamic images,
which in turn provides dynamic control of the triggered
physical mechanisms without using complex control circuitry on chip. Millions of optical pixels can be readily
generated by commercial spatial light modulators such as
a LCD or DMD display to provide control of millions of
electrodes in parallel on a low-cost and disposable device.
Second, some optical methods can provide 3D manipulation
of droplets since light can be propagated and focused in
free space without needing any media. The energy can be
delivered to any arbitrary locations in space to trigger an
event.
This paper reviews optical manipulation mechanisms
that have been utilized for manipulating droplets. A brief
comparison of these technologies is summarized in Table 1.

2. Optical Droplet Manipulation Technologies
Light-driven droplet manipulation technologies are in general based on three basic concepts: (1) direct optical forces,
(2) opto-electrical, and (3) optothermal. Figure 1 shows

Optoelectronic

Optothermal

Pure optics

Aqueous droplets in oil
(nL ∼ μL)
Nanoliter aqueous
droplets in air

Optically induced
dielectrophoresis
(DEP)
EWOD for droplet
and DEP for
microscopic particle
manipulation

Combination of OET
and COEW

Aqueous droplets in air
or oil (pL ∼ μL)

Picoliter aqueous
droplets in oil

OET
FEOET

Optically induced
electrowetting

Optoelectrowetting
(OEW)
Open-OEW
COEW
SCOEW

Photothermocapillary in
microﬂuidic channels

Optical breakdown of
liquid molecules

Optically induced
Marangoni eﬀect

Optical vortex traps

Photothermal
cavitations in
microﬂuidic channels

Optical cage at the
dark core induced by
the ring of laser
intensity
Aqueous droplets in oil
(pL ∼ μL)

Aqueous droplets in oil
(1 ∼ 10 μm in
diameter)

Optical gradient force

Aerosol droplets (about
tens of μm in diameter)

Targets

Optical tweezers

Manipulation
principles
Balance of an optical
scattering force and
droplet gravity
Aerosol droplets
(1 ∼ 10 μm in
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Optical levitation

Platform

Droplet splitting for enhancing
particle concentration, and
single-cell encapsulation

Droplet transport, mixing,
integration with microﬂuidic
channel, and microwell
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Droplet transport, mixing,
splitting, dispensing, and
integration with an external
reservoir

High-speed droplet generation,
and fast droplet merging

Droplet transport, trapping,
high-speed sorting, and protein
assay

Projector

LCD
Laser (532 nm,
400 μW/cm2 ) or projector

Holographic laser
(532 nm, 4 W)
Argon-ion laser (514.5 nm
in vacuum, 159 mW)
Projector
Q-switched Nd:YVO4
pulse laser (532 nm, 15 ns
width, 100 μJ)
Nd:YAG pulse laser
(532 nm, 6 ns width,
100 μJ)
Laser (532 nm,
636 mW/cm2 )
Laser (760 nm,
15 mW/cm2 )
Laser (632 nm,
254 W/cm2 )
Projector, or LCD
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Nd:YAG laser (532 nm,
2 W)
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Laguerre-Gaussian beam

Jordanov and Zellner
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Kohira et al. [36]

Ar+ laser (488 nm, 1.2 W)
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Droplet levitation, atmospheric
physics, chemistry, and
hygroscope
Droplet trap, atmospheric
chemistry and physics
(Brownian dynamics),
combustion science, and drug
delivery
Droplet trap, transport, fusion,
dynamic control of
concentration

References

Light sources

Functions and applications

Table 1: Various optical technologies for droplet manipulation.
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Figure 1: Illustration of optical energy transduction pathways used in optical methods for droplet manipulation.

the energy transduction pathways of mechanisms that have
been applied for droplet manipulation. The principles, applications, and limitations of these mechanisms will be discussed in the following sections.
2.1. Droplet Actuation Using Direct Optical Forces. Optical
tweezers is an useful technology in several ﬁelds of physics,
chemistry, and biology [24]. It has been applied to trap,
transport, pattern, and sort microscopic objects ranging
from dielectric particles, viruses, living cells, bacteria, and
small metal particles [24–31]. Two diﬀerent types of forces
are involved in optical manipulation. Scattering forces
generate forces on particles in the light beam propagation
direction [32], while gradient forces attract particles to
regions of high intensity [24]. Since an optical force is
typically in the range of pN, only small size of droplets can
be eﬀectively manipulated.
2.1.1. Optical Levitation. Optical levitation is a method using
a lightly focused light beam to irradiate an aerosol droplet
and create a scattering force to balance the gravitation force
of the droplet [33–35]. The size of suspended droplets is in
the range of tens of micrometers. This technique has been
used in measuring the droplet size and phase in thermodynamic equilibrium, which is controlled by temperature,
composition of atmospheric aerosols, and relative humidity
[36, 37].
2.1.2. Optical Tweezers and Optical Vortex Traps. A tightly
focused laser beam is used to generate large gradient force to
form a stable trap for an aerosol droplet smaller than 10 μm
in diameter, and prevent external perturbation from gas ﬂow
or collision of other aerosols [38]. The enhanced droplet
position stability can provide excellent signal-to-noise ratio

in data acquisition in short timescales. This gradient force of
the optical tweezers can be expressed by [31]
F=Q

nP
,
c

(1)

where c/n is the light speed in the medium, Q is the dimensionless trapping eﬃciency, and P is the power of the
incident light.
Figure 2 shows a typical experimental setup of an optical
tweezers system for trapping dual aerosol droplets in gas
[39]. An intense laser beam is focused through a high N.A
objective lens to maximize the gradient force for optical
trapping in a specially designed cell. Aerosols are generated
from an ultrasonic nebulizer and introduced into the cell.
The relative humidity is controlled by the ﬂow rate of humidiﬁed nitrogen gas into the cell.
Magome et al. has demonstrated droplet trapping in air
using optical tweezers [40]. The size and compositions of
trapped droplets can be investigated using droplet cavity enhanced Raman spectroscopy (CERS) [41, 42]. This
technique has shown that the droplet volume is preserved
with extremely high precision when undergoing coagulation.
Leonardo et al. have used optical trapping to study the
Brownian dynamics of a water droplet, whose displacement
is determined by the viscosity of the gas phase and the optical
power for trapping [43]. Reid’s group has studied extensively
the relative humidity eﬀects on the equilibrium droplet size,
thermodynamic properties of an aerosol, chemical compositions, and coagulation using optical tweezers and Raman
spectroscopy [44, 45]. Holographic optical tweezers was also
utilized to create multiple optical traps to manipulate an
array of aerosol droplets in air and characterize the coagulation and mixing of multiple aerosols [21, 46].
Optical trapping using a strongly focused laser beam
with a Gaussian proﬁle allows trapping high refractive index
objects (no ) in a low refractive index medium (nm ) such as
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Figure 2: (a) Experimental setup of a dual trapping optical tweezers system. Reproduced with permission from [39] (b) In-plane image and
(c) Side image of two optically trapped NaCl/aqueous aerosol droplets.

beads or cells dispersed in an aqueous buﬀer or aqueous
droplets in air.
However, optical trapping of aqueous droplets dispersed
in immiscible oil, which is a situation commonly used in
digital microﬂuidics, cannot be achieved with this simple
Gaussian beam, since the refractive index of water is lower
than that of oil (nwater < noil ). The optical gradient force
repels an oil-immersed water droplet, instead of trapping it.
To overcome this issue, Gahagan and Swartzlander have
demonstrated three-dimensional trapping of low-index particles in water using a single dark optical vortex laser beam
[47, 48]. Instead of using Gaussian beam proﬁle, optical
vortex traps are based on the ring-shaped laser beam proﬁle
with a dark core in the focal point (Figure 3). Optical gradient force pushes a low-index particle away from the region
of high light intensity. As a result, the ring-shaped laser
beam forms a potential barrier and trap a low-index particle
at the dark core, where a net force of all gradient forces
is zero [49]. Compared to optical tweezers, optical vortex
trapping provides several advantages. First, it enables a stable
optical trap of low-index particles such as water droplets
dispersed in oil. Second, the potential barrier created by
an optical vortex trap allows isolating a single droplet
from potential contamination from other droplets. Utilizing
the optical vortex trapping technique, Chiu’s group has
demonstrated optical manipulation of femtoliter volume
droplets immersed in oil such as droplet trap, fusion, and
dynamic control of concentrations of dissolved species [50,
51].
2.2. Optothermal Droplet Actuation. Optics has been commonly used as heating sources in many biomedical and manufacturing areas [65]. Recently optothermal eﬀects have been
applied in manipulating droplets in digital microﬂuidics.
Compared to direct optical forces, optothermal mechanisms
could provide much larger forces to allow faster droplet
manipulation in high-throughput applications.
2.2.1. Optothermal Capillary. The Marangoni eﬀect is a phenomenon of liquid movement induced by surface tension

diﬀerence. Thermocapillary is the Marangoni eﬀect associated with surface tension diﬀerence induced by temperature gradient. This thermocapillary phenomenon was ﬁrst
investigated by Young et al. who observed air bubble motion
in silicone oil induced by temperature gradient [66]. In an
unconﬁned ﬂuid, thermocapillary migration speed, UTh , of a
droplet can be expressed by [67]


UTh = −



2
∂σ
R
∇T,
2μo + 3μi ∂T 2 + Λi /Λo

(2)

where R is the droplet radius, μo and μi are the shear
viscosity, and Λo and Λi the thermal conductivities of the
ﬂuid inside and outside the droplet. The thermocapillary
migration speed is proportional to droplet size (R), the ratio
of change of surface tension with temperature (∂σ/∂T), and
temperature gradient (∇T). It is noted that when ∂σ/∂T < 0,
the droplet is attracted to the light illumination region, the
hot zone, while it is repelled if ∂σ/∂T > 0.
Conventional thermocapillary devices typically use microfabricated electrical resistors to generate heat and temperature gradient for droplet transport, trapping, and sorting on
trajectories of prepatterned structures [68, 69]. Optothermal
capillary induces the Marangoni eﬀect by localized laser
heating at a droplet interface. This increases the local temperature and decreases the surface tension at the heated site.
The light-induced surface tension gradient causes a droplet
to move toward the colder region [54]. Optically induced
thermocapillary forces have been used for demonstrating
many droplet-based microﬂuidic phenomena. Baroud et al.
showed the interfacial ﬂow induced by a thermocapillary
force at the water/oil interface (Figure 4(a)) [70]. In the case
of droplets carried by immiscible oil ﬂow in microchannels
(∂σ/∂T > 0), laser focusing at the front of a droplet
causes a thermocapillary force to balance against the drag
force from the hydrodynamic oil ﬂow [70]. In addition,
shaping a laser beam with holographic technology allows
multidroplet patterning and merging [52]. Vincent et al.
showed high-speed sorting and 100% sorting eﬃciency for
droplets moving at speed up to 1.3 cm/s in microﬂuidic
devices [53].
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Figure 3: (a) Intensity proﬁle of an optical vortex beam with beam waist ω0 and vortex waist ωv at input aperture of focusing objective. (b)
Schematic diagram of stable tapping for a low-index particle in an optical vortex trap. Reproduced with permission from [47].
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Figure 4: (a) Superposition of 100 frames from a video sequence
showing the motion of seeding particles near the hot spot. Note
that the motion along the interface is directed towards the hot spot.
Reproduced with permission from [70]. (b) Superposition of successive frames illustrating drop switching by local thermocapillary
actuation. The arrow indicates the laser location observed by the
ﬂuorescence of the water-dye solution. Reproduced with permission
from [53].

Recently, Ohta et al. have also reported droplet manipulation driven by the optothermal capillary eﬀect on a light
absorbing a-Si:H coated glass substrate using an optical projector [55, 71].
2.2.2. Optothermal Cavitation Bubbles. Laser-induced cavitation is a phenomenon caused by tightly focusing an
intense laser pulse in water to generate a rapidly expanding
vapor bubble through nonlinear optical absorption [72].
Figure 5 illustrates the principle of laser-induced plasma
formation followed by the emission of shock wave and the
generation of a cavitation bubble. When a laser pulse is
intensively focused into a liquid medium, such as water,
strong optical ﬁelds can breakdown water molecules and
produce hot plasma at the focal point (Figure 5(a)). This
hot plasma leads to an explosive vapor bubble that expand

at high speed and collapse rapidly (Figures 5(b) and 5(c))
[73–77]. The expansion speed of a laser-induced cavitation
bubble is fast and can go up to hundreds of m/s within
1 μs. Such high-speed cavitation bubbles have been used
in many microﬂuidic applications such as cell lysing [77],
microﬂuidic mixing [78], pumping [79], and switching [80].
Park et al. have demonstrated a high-speed, on-demand
droplet generation device using such ultrafast microﬂuidic
ﬂow triggered by pulse laser induced cavitation bubbles. This
mechanism is called pulse laser driven droplet generation
(PLDG) [56]. It enables on-demand water droplet generation
in microﬂuidic channels at a speed up to 10,000 droplets/sec
with less than 1% droplet volume variation. PLDG devices
have a simple structure, consisting of only two channels,
one for water and one for oil, connected by a nozzle-shaped
opening in a single-layer PDMS microﬂuidic chip (Figure 6).
An intense laser pulse is focused in the middle of the water
channel and induces a cavitation bubble to push water
into the oil channel for droplet formation. By adjusting the
laser energy and pulsing location, Park has demonstrated
tunable droplet generation with volume ranging from 1 pL to
150 pL. Recently, Li et al. also utilized laser induced cavitation
bubbles to trigger on-demand droplet fusion in microﬂuidic
devices [57].

2.3. Optoelectronic Droplet Actuation. Electrokinetics is one
of the most commonly used methods for manipulating
small-scale particles and microﬂuidic ﬂows. Electrowetting
on dielectric (EWOD) and dielectrophoresis (DEP) are
the most eﬀective electrical based mechanisms for droplet
manipulation. DEP manipulates droplets by patterning nonuniform electric ﬁelds. Droplets do not necessarily contact
the electrodes [82], while EWOD manipulates droplets by
changing surface energy between droplets and the underneath dielectric material through electrostatic energy. It
provides large actuation forces and fast responses [83, 84].
Optical control of electrokinetic phenomena is usually
through photoconductive materials. Light illumination on
a photoconductive layer can generate virtual electrodes to
locally modify electric ﬁeld distribution, which in turn
controls the local DEP or EWOD eﬀects for manipulating
droplets.
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Figure 5: Schematic of pulse-laser induced plasma formation and the following shock wave emission and cavitation bubble generation in
liquid medium. Reproduced with permission from [81].
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Figure 6: Schematic of a PLDG device that consists of two microﬂuidic channels connected by a nozzle-shape opening. A tightly focused
laser pulse induces a rapid expanding bubble to push nearby water into the oil channel and form droplet. Reproduced with permission from
[56].

2.3.1. Optoelecrowetting (OEW). EWOD is an eﬀective method for manipulating microdroplets. It utilizes electrostatic
energy stored in the dielectric layer between a water droplet
and an electrode to change local surface tension and droplet
contract angle. The diﬀerence of contact angle at edges of a
droplet induces a net capillary force to actuate the droplet
[84]. EWOD has been shown to be able to provide a complete
droplet functions from droplet injection, transportation,
merging, mixing, and splitting [12, 85–87].
Young-Lippmann equation describes that the relationship between the contact angle θ of a droplet and the local

voltage across a dielectric layer between the droplet and the
underlying electrodes [88]
cos θ = cos θ0 +

1 εr ε0 2
V ,
2γ t

(3)

where θ0 is the original contact angle, γ is the surface tension
between the droplet and surrounding medium, ε0 is vacuum
permittivity, εr is the dielectric constant, t is the thickness
of the dielectric layer, and V is the voltage drop across a
dielectric layer in the vertical direction at the three-phase
contact line.
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Figure 7: (a) Schematic of droplet actuation on an optoelectrowetting (OEW) device. (b) Its equivalent circuit model for one unit cell of
OEW. Reproduced with permission from [58].

Droplet actuation on EWOD devices is typically realized
by electrical activation of pixilated physical electrodes. Optoelectrowetting (OEW) uses optical images to trigger local
electrowetting eﬀects either on patterned digital electrodes or
on a featureless photoconductive thin ﬁlm. OEW solves the
issues of complex wiring and interconnection when a large
number of electrodes or droplets need to be controlled in
parallel without interference.
The concept of OEW was ﬁrst reported by Chiou et
al. [58, 59]. He demonstrated that all droplet manipulation
functions including injection, transport, separation, and
multidroplet manipulation could be achieved by light beam
scanning on a photoconductive chip with tens of thousands
of digital electrodes with only two electrical bias wires.
Figure 7 shows the conﬁguration of an OEW device and
its equivalent circuit model of one unit cell. Each plate
consists of patterned indium-tin-oxide (ITO) electrodes that
are bridged by photoconductive hydrogenated amorphous
silicon (a-Si:H). Silicon dioxide (SiO2 ) and thin Teﬂon
layers are deposited to provide dielectric and hydrophobic
properties on top of the ITO electrodes. An AC bias with
frequency at 500 Hz is used for optimal operation and a light
beam causes voltage switching between the oxide capacitors
(Coxide ) and the photoconductors (Rasi ). In the absence of
light illumination, the electrical impedance of Rasi dominates
and most voltage drops across the photoconductive bridges.
Therefore, ITO electrodes cannot be activated and droplet
contact angle does not change. When light illuminates the
photoconductive bridges nearby a droplet, the electric conductivity of the photoconductive bridges increases and ITO
electrodes are activated to induce electrowetting for droplet
actuation.
Conventional OEW conﬁguration has two main drawbacks. First, it requires a sandwich structure consisting of
two glass substrates. This increases the diﬃculty of interfacing with other microﬂuidic components. Second, minimum
droplet size that can be actuated is limited by the size of
digital electrodes as in regular EWOD devices. To overcome
these limitations, several diﬀerent OEW conﬁgurations have

been proposed. Chuang et al. reported an open OEW
conﬁguration enabling droplet actuation on a single-sided
photoconductive surface [60]. This open conﬁguration provides a ﬂexible interface to allow easy integration, but the
patterned pixilated electrodes still limit the controllable
minimum droplet size. Chiou et al. proposed a continuous
optoelectrowetting (COEW) that allows continuous transport of picoliter droplets sandwiched between two featureless
photoconductive electrodes [61], but it was faced with issues
of device interfacing. Later Pei et al. reported the improved
COEW device and showed more reliable fabrication that
consequently enabled large array of manipulation of droplets
[89].
Park et al. demonstrated a single-sided continuous optoelectrowetting mechanism (SCOEW) to enable continuous,
light patterned electrowetting on a featureless photoconductive surface [62]. Unlike conventional OEW, droplet actuation on SCOEW is based on optical modulation of
lateral electric ﬁelds. Under uniform light illumination, the
contact angle of an oil-immersed water droplet remains
larger than 90◦ on top of the hydrophobic surface. As
shown in Figure 8, the dark pattern illumination nearby the
droplet locally increases the voltage drop across the dielectric
layer. The decreased contact angle moves the droplet toward
the dark region. SCOEW not only provides advantages of
open conﬁguration for easy integration and continuous manipulation to solve the size limitation issue but requires 3
orders of magnitude lower light intensity (∼400 μW/cm2 ) for
droplet actuation than other OEW devices (∼1 W/cm2 ). This
unique advantage allows SCOEW to be operated by directly
positioning a device on top of a LCD, an iPhone or an iPad
screen without any extra light sources or lenses. One major
limitation of SCOEW is that it requires high voltage (a few
kV) in actuation and optical control of droplet motion is less
straightforward than conventional OEW.
2.3.2. Optoelectronic Tweezers (OET). Another widely
applied principle for droplet manipulation is dielectrophoresis (DEP). It refers to an electrostatic force exerted on a
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ﬁeld induced electric dipole on a particle in a nonuniform
electric ﬁeld. This force can be approximated as [90]




F = p · ∇ E,

(4)

where p represents the dipole moment and E is the electric
ﬁeld. For a homogenous dielectric sphere, the well-known
expression for DEP force is given by [91]






Fdep = 2πεm R3 Re[K ∗ (ω)]∇ Erms 2 ,

K ∗ (ω) =

∗
ε∗p − εm
,
∗
ε∗p + 2εm

∗
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= εm +

Electrically insulating
oil medium
15 μm PDMS
Aqueous-phase
0.1 μm Al
droplets
0.1 μm n+ doped a-Si:H
0.5 μm undoped a-Si:H

CYTOP
Al

Rasi
f

V

d

CR

CC

Rasi

a

Droplet
g

Oil

σ p (5)
σm ∗
, εp = εp +
,
jω
jω

where Fdep represents the timeaverage of Fdep , Erms is the
root-mean square magnitude of the electric ﬁeld, R is
the particle radius, εm and ε p are the permittivity of the
surrounding medium and the particle, respectively, σm and
σ p are the electric conductivities of the medium and the
particle, respectively, ω is the angular frequency of the
applied electric ﬁeld, and K ∗ (ω) is known as the frequency
dependent Clausius-Mossotti (CM). The real part of K ∗ (ω)
has a value, 0.5 ≤ Re[K ∗ (ω)] ≤ 1.0, depending on the
polarization of the medium and the particle at a certain
frequency. In digital microﬂuidic devices where aqueous
droplets are typically immersed in electrically insulating oil
medium, Re [K ∗ (ω)] has a positive value close to 1, aqueous
droplets in oli experience positive DEP forces that move them
toward the strong electric ﬁeld regions.
Chiou et al. have demonstrated a mechanism called optoelectronic tweezers (OET) to allow light images to pattern non-uniform electric ﬁelds to induce DEP forces for
microparticle [92]. OET was commonly used for manipulating particles suspended in aqueous media. Due to an
electrical impedance matching issue, OET is not ideal to
operate in air or in oil environment since the large electrical
impedance of these media will take over most voltage
even without light illumination and optical modulation of
electric ﬁeld is diﬃcult in principle. In some special cases
in which droplet sizes are close to the gap space between
two electrodes, optical actuation could still be accomplished.
Park’s group achieved droplet manipulation in oil using

a sandwiched OET platform integrated with microﬂuidic
channels and showed the manipulation of picoliter droplets
by optically induced DEP forces [63].
Park et al. have recently demonstrated a mechanism,
called ﬂoating electrode optoelectronic tweezers (FEOET),
speciﬁcally aiming for manipulating aqueous droplets suspended in electrically insulating oil and air media (Figure 9)
[64]. FEOET utilizes lateral electric ﬁeld as in SCOEW. The
device structure of FEOET and SCOEW looks similar except
that the thickness of the dielectric layer between droplets
and the photoconductive layer is diﬀerent. In SCOEW, this
layer has to be as thin as 1 μm to allow large contact angle
modulation. In FEOET, this dielectric layer can be as thick as
1 mm. The operation principle of FEOET is based the electrostatic interactions between a droplet induced dipole and
the light induced dipole on the photoconductive layer under
the application of a lateral ﬁeld across the entire device.
Both FEOET and SCOEW devices require extremely low
light intensity in droplet actuation (∼400 μW/cm2 ) owing
to the fact that in lateral electric ﬁeld conﬁguration, the
virtual electrode is turned on as long as the light illumination
can create a small photoconductivity diﬀerence between the
illuminated and dark regions. This is diﬀerent from other
OET and OEW devices that require light to switch voltages
between a photoconductor and a dielectric layer or a liquid
layer. In other words, FEOET and SCOEW turn on virtual
electrodes based on relative photoconductivity diﬀerence,
not the absolute photoconductivity as in other devices. Using
FEOET, Park has achieved transporting a 160-nL droplet at
a speed of 85.1 μm/s using a light beam with an intensity
of 400 μW/cm2 . Since FEOET allows a thick dielectric layer
on top of the photoconductive surface, it provides a ﬂexible
interface for integration with other microﬂuidic components
such as microwells and microchannels [23].
Recently, Valley et al. also reported an integrated platform enabling both COEW and OET manipulation on the
same chip [22]. This platform allows light beams to manipulate not only droplets but also individual cells inside these
droplets. They have demonstrated concentration enhancement of cells and single-cell encapsulation in droplet.

3. Conclusion and Prospectus
This paper reviews various optical manipulation methods
that have been demonstrated so far for manipulating liquid
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droplets. These methods can be categorized into three types:
(1) direct optical force, (2) optothermal, and (3) optoelectrical. Methods using direct optical forces can provide precise
trapping of micrometer scale droplets in three dimensional
spaces and are ideal tools for fundamental science studies.
However, the high optical power requirement limits its
throughput and applications in other areas.
Methods using optothermal eﬀects can provide large
forces for high-throughput and high-speed manipulation.
Localized optical heating can generate temperature gradient
to change surface tension, which is the dominating force in
the micrometer scale, for droplet manipulation via the Marangoni eﬀect. Optothermal actuation can also be accomplished by using intense short laser pulses to induce explosive
cavitation bubbles which can generate large and transient
pressure for high-speed microﬂuidic actuation. This novel
actuation phenomenon has been utilized to demonstrate ondemand droplet injection up to 10,000 droplet/sec and ondemand droplet fusion.
Methods using optoelectrical eﬀects could potentially
provide a high throughput platform via massively parallel
processing a large number of droplets across a large area. The
major diﬀerence between optoelectrical from optothermal or
direct optical force is that the optical energy is used to switch
on electrical driving force to drive droplet motion, while in
direct optical forces or in optothermal, the optical energy is
directly used to power the droplet movement. This allows
opto-electrical methods to actuate droplets with much lower
optical power and induce minimum optical heating eﬀect
across a large area.
Optical methods for droplet manipulation are an emerging ﬁeld that has already shown great promises for many
applications. It provides several unique advantages that are
diﬃcult to achieve with other methods. It provides 3D addressing capability without the need of any physical electrical
or mechanical interconnects that can be diﬃcult to fabricate.
Second, optical methods can deliver the highest energy
density far beyond any other physical mechanisms can
possibly achieve. If such energy can be properly converted
into actuation forces through clever engineering designs,
it can realize many novel high-speed droplet manipulation
functions. Third, optical addressing provides a method to
realize massively parallel droplet manipulation on a low cost
and disposable platform.
Despite many promising potential applications for this
technology, there are still many challenges that need to be
overcome. First, many of the optical experiments still require
bulky optics and lasers. Miniaturization of optical systems
is critical to reduce footprint size of the integrated system,
which is important for broadening future applications. A
portable integrated system would be the goal. Most of the
optical methods presented are enabling technologies that
have to be integrated with other subsystems for real applications. Solving the interfacing issues will also be important.
With the rapid progresses in photonics and optoelectronics,
low-cost, compact, and high-power light sources, switches,
and other components can be realized. More fundamental
studies and research eﬀorts need to be put on ﬁnding more
novel and useful optical actuation mechanisms that have
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higher optical energy conversion eﬃciency to droplet manipulation, lower optical power requirement, more reliable
devices and materials, and mechanisms that can be easily interfaced with other subsystems such as microﬂuidic
devices.
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Ciproﬂoxacin is a commonly used antibiotic and the active ingredient in a veterinary antibiotic. Detecting its presence allows us to
understand its absorption process in blood as well as tissue. A portable microﬂuidic system has been fabricated. It operates at low
bias voltage and shows a linear relationship between concentration levels and system response. Detection of concentrations down
to 1 ppb of ciproﬂoxacin in microliters of solution was achieved.

1. Introduction
As the medical industry has evolved, it has become necessary
to have accurate testing available in the shortest possible
time [1–5]. Miniaturizing UV and ﬂuorescence detectors and
extending them to ﬂuid analysis is one way of bridging this
gap [6–9].
Detecting ciproﬂoxacin has become increasingly important because it is the active ingredient in enroﬂoxacin an
antibiotic used in veterinary medicine [10, 11]. Interest in
monitoring ciproﬂoxacin levels in the tissues of animals
raised for food and in the milk of cows has led to
improvements in current technology and a search for new
detection techniques. Ciproﬂoxacin absorbs strongly in the
UV (≤280 nm) and emits at ∼ 440 nm [10].
Currently, online detection is carried out by analytical
methods such as high-performance liquid chromatography
(HPLC), which involves a relatively costly investment in
hardware [12, 13], or by capillary electrophoresis. Capillary
electrophoresis (CE), while simpler than the aforementioned
HPLC, still requires complex sample preparation methods
utilizing pH adjustment to reach lower detection limits and
requires very high bias voltage (kV) [12, 14]. These two
methods usually employ photomultiplier tubes (PMTs) for
photodetection.
PMTs have been used in applications such as lowlevel ultraviolet detection in laser-induced ﬂuorescence

biological-agent warning systems [15]. Other applications in
this wavelength range are under-water detection at 400 nm,
the wavelength at which water is transparent, and detection
of 440 nm-wavelength light from scintillation crystals that
are used to sense gamma rays from nuclear material.
While PMTs are among the most sensitive detectors
currently available, semiconductor photodiodes oﬀer the
advantages of being less expensive and more robust. Si
photodiodes have high responsivities at 440 nm; however,
GaP exhibits a detection cutoﬀ wavelength of 550 nm, which
makes it an attractive alternative to Si, which requires
expensive ﬁlters to reject extraneous wavelengths.
This paper expands on our previous success in integrating photodiodes with microﬂuidics for ciproﬂoxacin
detection [16]. In that work, linear detection of 0.01 ppm
ciproﬂoxacin was achieved. The best published results for the
widely used techniques are 0.01 ppm HPLC and 0.015 ppm
CE [12, 14]. We note however that these detection limits
were obtained in physiological samples. It should also be
pointed out that HPLC and CE provide richer spectral results
than the technique reported here, which provides simple
conﬁrmation of the presence of ciproﬂoxacin.

2. Fabrication
GaP wafers were grown by metal organic chemical vapor
deposition. The wafer structure was as follows: an n-type
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Figure 1: Detector system as viewed through the glass substrate.
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3. Device Characteristics
The dark currents of the individual devices were 0.06 and
0.04 pA at 2 V reverse bias with breakdown voltage ∼38 V.
After wire bonding the devices in parallel, they had a
combined dark current of ∼0.15 pA at 2 V reverse bias. A
peak quantum eﬃciency of 38% was achieved at 440 nm after

0.14
Responsivity (A/W)

substrate with a 650 nm-thick n+ -doped (1.4 × 1019 cm−3 )
ﬁrst layer, an 800 nm-thick unintentionally undoped (4 ×
1016 cm−3 ) second layer, and a 300 nm p+ -doped (1.1 ×
1019 cm−3 ) top layer.
Mesa structure devices were fabricated by standard cleanroom processes. First, a mesa was deﬁned by photolithography and etched to the bottom n+ layer by inductively
coupled plasma. This was followed by a 5-second etch in
HNO3 : HCl : DI water in equal parts to remove damage
to the sidewall caused by the inductively coupled plasma
etch. Plasma enhanced chemical-vapor deposition was used
to deposit SiO2 which served as both a passivation and
an antireﬂection coating. After contacts were formed by
metal evaporation of AuGe-Ni-Au (40 nm, 10 nm, 110 nm),
the contacts were annealed for ten seconds at 430◦ C in a
mixture of nitrogen and hydrogen [17]. A Ti-Au p-contact
pad was evaporated and both the p-contact pad and n
contact were Au plated to a ﬁnal thickness of ∼2 μm. The
wafer was diced into 1 mm2 chips consisting of a 2 × 1
array of GaP photodiodes. In order to ﬂip the contacts a
corresponding metal contact Ti-Au was evaporated on a
thin glass slide. These contacts were Au plated at each end;
the GaP photodiodes were bonded to the inner contacts
and the outer contacts served as bias pads after ﬂip-chip
bonding. Using SU-8 photoresist, a box slightly larger than
the chip and approximately 30 μm in height was deﬁned
by photolithography. Its function was to facilitate alignment
of the contacts on the GaP chips with those on the glass.
The chips were bonded to the contact pads at 220◦ C. The
p-contact pads of two adjacent devices were wire bonded
together placing the photodiodes in parallel with each other
(see Figure 1).
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Figure 2: (a) Dark current versus voltage for two devices combined
in parallel; (b) quantum eﬃciency versus wavelength for a single
bonded device.

bonding; this reﬂects a 10% loss in eﬃciency due to bonding.
Figure 2 shows the device characteristics.

4. Measurement Setup
Fused silica capillaries with inner and outer diameters
of 320 μm and 435 μm, respectively, were purchased from
Polymicro Technologies. A window was opened in the
capillary by removing a short strip of the polyimide coating.
This window was aligned with the photodiodes, and the
capillary was aﬃxed to the detector system, thus integrating
the two parts. Forced air was used to push solution from
a vial in order to ﬁll the capillary. The whole system was
placed on a ﬂat holder with openings for both the capillary
and the excitation light. A 266 nm pulsed laser with 7.3 kHz
repetition rate and a 400 ps pulse width was used as the
excitation light source. The laser is a compact model and
consists of controller box length 6.5 inches, width 5 inches,
and height 4 inches as well as the actual laser which is 6
by 3 by 2 inches. The capillary was illuminated by focusing
the laser signal with a microscope objective at 90 degrees to
the photodiodes. Any light from the laser that is detected
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by the photodiodes contributes to the background noise
level; to reduce the scattered laser light, a narrow-band ﬁlter
266 ± 10 nm was placed before the microscope objective.
A schematic of the measurement apparatus is depicted in
Figure 3.

5. Linear Fluorescence Detection
Ciproﬂoxacin powder was purchased from Fluka, SigmaAldrich, and a stock solution of 100 ppm of ciproﬂoxacin
with equal parts of methanol and deionized water was
prepared. The stock solution was further diluted with
equal parts of methanol and de-ionized to prepare varying
concentrations.
Two GaP photodiodes connected in parallel were used for
these measurements. Each device was 220 μm in diameter.
For linear detection, the devices were biased at −2 V and
the average current was measured with a Keithley 6430
SourceMeter. The laser was focused to a spot size of
∼ 150 μm. For light incident perpendicular to the detector
<1% of the scattered is detected. In operation, light is
incident perpendicular to the detector and the scattered light
accounts for <1% of the signal. When the laser is focused on
the capillary directly adjacent to either detector, the scattered
light signal in the other detector is below the detection
limit. The lowest background current was therefore achieved
when the laser was positioned on the capillary adjacent
to one of the detectors. Since the ﬂuorescence from the
ciproﬂoxacin is anisotropic, the ﬂuorescence was detected by
both photodiodes even though the sample was illuminated
only under the ﬁrst detector. Placing the two detectors in
parallel eﬀectively increases the ﬂuorescence detection area
while the excitation was proximate to a single device, which
signiﬁcantly reduced the background level.
The photodiode current was measured as ciproﬂoxacin of
diﬀerent concentrations were pumped through the capillary.
When the current reached a stable maximum, a ten data
point average was recorded. Methanol was pumped through
the capillary after each ciproﬂoxacin concentration. The
methanol ﬂushes any traces on ciproﬂoxacin from the
capillary. This process was continued until the total current
returned to the background level. Each concentration was
measured three times, and the averaged data along with
standard deviation bars is shown in Figure 4. Concentrations

Data points
Linear ﬁt

Figure 4: Linear detection photocurrent versus ciproﬂoxacin
concentration.

from 1 ppb to 100 ppm were measured. The system showed a
linear response for concentrations in this range.

6. Conclusion
Integration of two parallel connected photodiodes with a
microcapillary was investigated. Individual devices had a
peak quantum eﬃciency of 38%, and the connected parallel
devices had a combined dark current of 0.15 pA, both at
reverse bias 2 V. This system is a simple and eﬀective way
of detecting ﬂuorescence from solutions in the wavelength
range 400–480 nm. It can potentially be used for initial
measurements but, due to its inability to separate analtytes,
is not a replacement for HPLC or CE. Linear detection of
ciproﬂoxacin concentrations from 100 ppm down to 1 ppb
was achieved.
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We report on two types of electrodes that enable the integration of optoelectronic tweezers (OETs) with multilayer
poly(dimethylsilane)- (PDMS-) based microﬂuidic devices. Both types of electrodes, Au-mesh and single-walled carbon nanotube(SWNT-) embedded PDMS thin ﬁlm, are optically transparent, electrically conductive, and can be mechanically deformed and
provide interfaces to form strong covalent bonding between an OET device and PDMS through standard oxygen plasma treatment.
Au-mesh electrodes provide high electrical conductivity and high transparency but are lack of ﬂexibility and allow only small
deformation. On the other hand, SWNT-embedded PDMS thin ﬁlm electrodes provide not only electrical conductivity but also
optical transparency and can undergo large mechanical deformation repeatedly without failure. This enables, for the ﬁrst time,
microﬂuidic integrated OET with on-chip valve and pump functions, which is a critical step for OET-based platforms to conduct
more complex and multistep biological and biochemical analyses.

1. Introduction
Optoelectronic tweezers (OETs) demonstrated by Chiou
et al. in 2005 have promised a platform for high-throughput
single cell manipulation and analysis [1, 2]. The principle of
manipulating microscale objects and cells on an OET platform is based on light-patterned virtual electrodes and the
induced dielectrophoretic (DEP) forces [1]. Types of objects
that have been manipulated using OET are versatile, including polystyrene beads [1, 2], semiconductor microdisks [3],
nanowires [4], DNA molecules [5], proteins [6], sperm
[7], and bacteria and mammalian cells [1, 2, 8–10]. Recent
development of OET technologies also broadened the type
of media in which OET can operate. Phototransistor OET
enabled OET to function in regular physiological buﬀers
with high electrical conductivity (1.5 S/m) [11]. Floating
electrode OET enabled the manipulation of aqueous droplets
in electrically insulating media such as oils and air [12,
13]. OET can also be integrated with digital microﬂuidic
platform for manipulating objects carried in droplets [13,
14]. A universal platform successfully integrating OET and

optoelectrowetting (OEW) further allows optical manipulation of objects and droplets on the same featureless OET
device [15]. Integration of OET with continuous phase
microﬂuidic devices has also been realized [16, 17]. However,
the integration is currently limited to simple microﬂuidic
channels without other functional components such as valves
and pumps due to the rigid and brittle property of ITO
electrodes. This has limited OET’s potentials for performing
complex protocols.
To realize microﬂuidic integrated OET with more
functions, here, we demonstrate two types of enabling
electrodes, Au-mesh electrode and SWNT-embedded thin
ﬁlm electrode, that allow integrating OET with multilayer
PDMS-based microﬂuidic devices that can provide onchip valve and pump function through deformable thin
PDMS membranes. PDMS is widely used in fabricating
microﬂuidic devices due to its elastic mechanical property, gas permeability, and simple fabrication process [18–
24]. Thousands of membrane valves and pumps can be
integrated on the same chip to conduct complex and
multistep biochemical analysis and synthesis protocols. OET
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Figure 1: (a) Schematic of a microﬂuidic integrated OET device. (b) Devices using an Au-mesh electrode or (c) an SWNT-embedded PDMS
thin ﬁlm electrode as the top channel surface and the deformable check valve.

and PDMS microﬂuidic devices provide complementary
functions. OET is a powerful tool enabling massively parallel
single cell manipulation with light but not eﬀective in
manipulating ﬂuid. On the other hand, PMDS microﬂuidic
device is eﬀective in controlling the delivery of ﬂuid but
ineﬀective in manipulating particles or cells carried by the
ﬂuid. Integration of OET with PDMS microﬂuidic devices
promises a platform for high throughput and parallel control
not only complex microﬂuidic circuitry but also individual
cells carried by ﬂuid.
Several requirements need to be satisﬁed to realize
such integration. First, the electrode needs to be optically
transparent to allow optical imaging and diagnostics. This is
important since the amorphous silicon used in OET strongly
absorbs visible lights with wavelength shorter than 632 nm
(red). Fluorescence excitation and observation through the
amorphous silicon side is diﬃcult and has to come from the
transparent electrode side. Second, the electrode needs to be
electrically conductive after deposited on the elastic PDMS
surface. ITO electrodes usually crack after deposition on
PDMS and cannot conduct current. Third, the PDMS device
needs to provide an interface after electrode coating that can
form strong bonding with the OET surface to provide good
sealing and prevent liquid leakage during manipulation.

This paper shows the fabrication process, theory, OET
manipulation performance, and limitations of Au-mesh and
SWNT-embedded PDMS thin ﬁlm electrodes.

2. Device Structures of Microﬂuidic
Integrated OET
The schematic of a microﬂuidic integrated OET consisting
of an upper PDMS microﬂuidic channel and a bottom
photoconductive OET surface is illustrated in Figure 1(a).
Unlike a conventional OET device in which a ﬂuid chamber
is formed between an ITO electrode and a photoconductive substrate, the proposed multilayer PDMS microﬂuidic
integrated OET can have two or more layers of channels.
The bottom channel contains aqueous solutions carrying
biological cells or particles and the top channel is used to
control the membrane valve formed at the region where the
top and bottom channels intersect. This elastic membrane
works as a mechanical valve that can be controlled by
pneumatic pressure to close the bottom channel and stop the
ﬂuid ﬂow. A peristaltic pump can be achieved by actuating
three valves along a channel in series.

Advances in OptoElectronics
The OET surface comprises of multiple layers including
an ITO, a 50-nm n+ hydrogenated amorphous silicon (aSi:H), a 1-μm undoped a-Si:H, and a 100-nm silicon dioxide.
The layer of silicon dioxide is deposited for bonding with
PDMS. The Au-mesh electrode (Figure 1(b)) or the SWNTembedded PDMS thin ﬁlm (Figure 1(c)) is fabricated on the
top surface of the bottom PDMS channel.
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3. Au-Mesh Electrode
An Au-mesh electrode is formed by two-perpendicular
periodic Au/Ti stripes coated on the top surface of a PDMS
channel by directional e-beam evaporation through shadow
masks (Figure 1(b)). Au-mesh electrodes provide high electrical conductivity in the same order of magnitude as regular
metal electrodes. The empty regions between wires control
its optical transparency. Since Au covers only a small area
on an Au-mesh electrode, strong bonding between PDMS
and the OET can be formed through plasma treatment to
provide tight sealing during ﬂuid delivery. Figure 2 shows the
fabrication process of Au-mesh electrodes. A shadow mask
with an array of strips is used to create periodic metal strips
through e-beam deposition on the top surface of a PDMS
channel. The fabrication process of the shadow mask starts
from a commercial 100 μm thick silicon wafer. A thin layer
of PECVD oxide was deposited on the wafer as an etch mask
for deep reactive-ion etching (DRIE). A strip pattern with a
line width of 5-μm and a spacing of 50-μm was patterned
on the etch mask by standard photolithography. The PDMS
microﬂuidic channels and chambers are fabricated through
standard soft lithography processes. After peeling oﬀ the
PDMS structures from the mold, the periodic electrodes
formed by 1 nm Ti and 100 nm Au stripes are deposited by ebeam evaporation on the PDMS surface through the shadow
mask twice. In the second deposition, the shadow mask was
rotated by 90 degrees.
Figure 3 shows both the bright and ﬂuorescence images
of 10-μm ﬂuorescent particles positioned 100 μm underneath an Au-mesh electrode. The particles can be clearly
observed under a 10x and a 50x objective lens even for
particles positioned right underneath Au wires. Since Aumesh and particles are not at the same focal plane, the Aumesh image blurs out when the imaging plane is on the OET
surface. It can be expected that the larger the separation gap
between OET and the electrode, the larger the blurring. Also,
the higher the magniﬁcation of the objective lens is, the less
is the shadowing eﬀect. Furthermore, decreasing the width of
Au wires can further reduce the shadow eﬀect of Au-mesh.
To verify the performance of OET manipulation using
an Au-mesh electrode, an HeNe laser was used as the light
source to induce a virtual electrode on the photoconductive
surface. Nalm 6 cells were ﬁrst suspended in an isotonic
buﬀer and then ﬂowed into the microchannels using a
syringe pump. After a light beam turned on a virtual
electrode, Nalm 6 cells experiencing positive DEP forces are
observed to move toward the light spot as shown in Figures
4(a) and 4(b). To evaluate the DEP forces, we can translate
the velocity of Nalm 6 cell into DEP force by Stock’s formula,

Metal evaporation
(b)

PDMS

Covalent bonding
(c)

Figure 2: (a) A master mold fabricated by SU-8 is used to deﬁne the
PDMS microﬂuidic channels. (b) Evaporating through a shadow
mask placed near the PDMS enables the fabrication of patterned
Au/Ti wires on the upper surface of channels. (c) Covalent bonding
is formed between the Au/Ti-mesh PDMS and the OET chip after
oxygen plasma treatment on the bonding surfaces.

VDEP = (FDEP + Ffriction )/6πηR, where η is the viscosity of
the media, R is the radius of the cells, and the Ffriction is the
friction force between cells and the OET surfaces. Based on
our experimental observation and ignoring the ﬁction forces,
the speed was found to be 14 μm/sec giving a force of 1.3 pN.
One potential drawback of Au-mesh electrode is the
highly nonuniform electric ﬁeld near Au wires. If cells or
particles are near these wires, strong DEP forces will be
induced on them. This eﬀect turns out to be not severe when
particles or cells are manipulated near the OET surface since
this highly nonuniform ﬁeld decreases rapidly away from the
wires. This property allows Au-mesh OET to manipulate cells
or particles near the photoconductive surface smoothly as
a continuous electrode. This can be conﬁrmed by the ﬁnite
element method (FEM) simulation showing the electric-ﬁeld
distribution induced by a light beam on an Au-mesh OET
device as shown in Figure 5(a). The geometry parameters
used in simulation are based on real device dimensions.
The width of Au-wire electrodes is 5 μm and the spacing is
50 μm. A 50-μm high chamber is ﬁlled with medium having
a conductivity of 0.01 S/m. The photoconductivity of a-Si:H
is assumed to follow the Gaussian distribution proﬁle with a
peak conductivity of 0.1 S/m and an FWHM spot diameter
of 16.6 μm. The nonuniform electric ﬁeld induced by Aumesh is limited to regions close to the top surface (shown in
the 47.2 μm curve in Figure 5(b)) and quickly decays in the

4

Advances in OptoElectronics

50 μm

10x

40 μm

(a)

50x
(b)

50 μm

10x
(c)

40 μm
50x
(d)

Figure 3: (a, b) Bright-ﬁeld images and (c, d) ﬂuorescent images of 10-μm particles underneath an Au-mesh electrode. The gap spacing
between the electrode and the OET surface where the particles sit is 100 μm. The arrows point to the particles below Au wires.
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Figure 4: (a, b) A Nalm 6 cell trapped by a light spot (the dish circle) is transported in a microﬂuidic channel. (c, d) Transport of a single
Nalm 6 cell trapped by OET in multilayer PDMS channels. The region between two black lines is a control channel above the ﬂowing channel
where the cells are.

Advances in OptoElectronics

5

E (106 V/M)
1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

50 μm

10 V

FWHM

= 16.6 μm

σ(R) = I(R)
0

R

(a)

Electric ﬁeld strength
(V/m) ×106

8
1.8 μm
6
4

7.5 μm

2
0

−150

47.2 μm
41.5 μm
−100

−50

0
Position (μm)

50

100

150

(b)

Figure 5: (a) Finite element simulation of the electric ﬁeld pattern
in the liquid layer when a 16.6 μm wide light beam illuminates the
photoconductive layer. (b) The electric ﬁeld distribution at diﬀerent
heights above the photoconductive layer.

vertical direction. At regions near the OET surface, Au-meshinduced ﬁeld gradient is negligible compared to that induced
by the light beam (1.8 μm and 7.5 μm curves in Figure 5(b)).
Although Au-mesh electrodes provide high electrical
conductivity and high optical transparency, there are several
drawbacks. First, there is a trade-oﬀ between the height of
channels and the density of Au-mesh since the electrode is
discrete. The nonuniform electric ﬁeld induced near Au wires
will aﬀect OET manipulation when the height of channels
becomes small. Increasing the channel height or reducing
the spacing between Au wires can help reducing this eﬀect.
Another limitation comes from the fact that metallic ﬁlms,
despite more deformable than ITO, tend to peel oﬀ from
PDMS surface after large deformation which also creates
cracks. As a result, Au-mesh electrodes can only undergo
large mechanical deformation once before failure. In Figures
4(c) and 4(d), a Nalm 6 cell was transported across a
deformable PDMS membrane valve coated with Au-mesh
electrode. This Au-mesh electrode failed after the PDMS
membrane valve was pushed down to close the ﬂow channel.

4. SWNT-Embedded PDMS Thin Film Electrode
Motivated by the cracking issue of Au-mesh electrodes, we
investigate SWNT-embedded PDMS thin ﬁlm electrodes to

solve this problem. SWNTs exhibit high electrical conductivity. Films made by randomly distributed SWNT have
shown potentials for ﬂexible electronics [25]. SWNT thin
ﬁlms with thickness in the range of 10–100 nm can have
low sheet resistance and high optical transparency as well
as robust mechanical ﬂexibility [26]. SWNT thin ﬁlms have
been demonstrated in devices including solar cells [27],
thin ﬁlm transistors [28], light emitting diodes [29], and
electrowetting [30]. Recent researches suggested that the
electrical stability and mechanical robustness of SWNT ﬁlms
could be improved by embedding SWNT thin ﬁlm into
polymers [31–33]. Devices made by SWNT ﬁlms within
polymer membranes also show promising potentials for
applications on microﬂuidic platforms [34].
Here, we demonstrate microﬂuidic integrated OET using
SWNT-embedded PDMS thin ﬁlm electrode as shown in
Figure 1(c). This electrode is continuous, optically transparent, and electrically conductive and has robust mechanical
ﬂexibility allowing large deformation without failure.
The fabrication process of SWNT embedded PDMS thin
ﬁlm is illustrated Figure 6. The vacuum ﬁltration method is
used to get uniform SWNT thin ﬁlms [35]. The suspension
of SWNT is ﬁltered through a ﬁltration membrane to form
a thin layer of SWNT network. The highly dense SWNT
suspension was made by high purity (>90%) arc discharge
nanotubes from Carbon Solutions, Inc. SWNTs were dissolved in 1 wt% sodium dodecyl sulfate (SDS) solution
to prepare solution-based SWNT. This highly concentrated
SWNT suspension was ultrasonically agitated using a probe
sonicator for ∼10 minutes. To remove the carbon particles
and impurities, the suspension was centrifuged at 14000 rpm
for 30 minutes. A porous anodic aluminum oxide (AAO)
ﬁlter (Anodisc 47, Whatman Inc.) was used in vacuum
ﬁltration. The suspension ﬂows through the pores and leaves
a thin ﬁlm of an SWNT network on the surface of the
AAO ﬁlter. The concentration and the volume of the ﬂow
suspension can control the density of SWNT network.
A PDMS stamp is then used to transfer the SWNT
thin ﬁlm from the ﬁltration membrane [36]. To fabricate
the PDMS stamp, a master mold was made by using
standard photolithography using a negative photoresist (SU8 2025, MicroChem corporation) on a silicon wafer. Polydimethylsiloxance (Sylgard 184, Dow Corning) with a ratio
of 10 base: 1 curing agent was poured onto the master
mold and cured at 65◦ C for 4 hours. A PDMS stamp
with a pattern of microﬂuidic channels could be peeled
oﬀ from the Si wafer. Before the stamp contacts the
ﬁltration membrane, it was treated by trichloro(1H, 1H, 2H,
2H-perﬂuorooctyl)silane (Sigam-Aldrich, Inc.), a chemical
release agent that lowers the adhesive forces between the
PDMS stamp and the SWNT thin ﬁlm [37]. The treated
PDMS stamp was then pressed in contact with the SWNT
network on the AAO ﬁlter paper (Figure 6(a)). After the
PDMS stamp is removed, the SWNT network is transferred
onto the extruding surface of the PDMS stamp. This PDMS
stamp with an SWNT thin ﬁlm was then used as the mold for
casting microﬂuidic channels.
To cast the microﬂuidic channels, an uncured PDMS
precursor at the ratio of 10 base: 1 curing agent was poured
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Figure 6: The fabrication process of embedding a thin layer SWNT
network in a multiplayer PDMS microﬂuidic structure.

onto the PDMS stamp and baked in an oven. The uncured
gel-like PDMS precursor inﬁltrates the vacant regions in
the SWNT network during the curing process. The cured
microﬂuidic channels were then be peeled oﬀ from the mold
with an SWNT thin ﬁlm embedded near the top surface of
channels. This fabrication technique can be used to embed
SWNT thin ﬁlm on multilayer PDMS microﬂuidic devices.
To achieve that, the uncured PDMS precursor at a ratio of
20 base: 1 curing agent was spin-coated on the PDMS stamp
to create a thin membrane (Figure 6(b)). A top thick PDMS
layer made with a ratio of 5 base: 1 curing agent is pressed
to contact the thin PDMS layer. These two layers are bonded
after cured (Figure 6(c)). The cured PDMS with a top control
channel and a thin ﬁlm SWNT embedded bottom PDMS
channel can be peeled oﬀ from the ﬁrst PDMS stamp as
shown in Figure 6(d). This multilayer PDMS channel with
an embedded SWNT thin ﬁlm electrode on the top surface
of bottom channels including the membrane valve locations
was then bonded with an OET device through oxygen plasma
treatment.
In our fabrication process, the PDMS stamp is used as
the mold for not only casting other microﬂuidic channels
but also transferring an SWNT thin ﬁlm to the top surface
of a channel. This fabrication process is compatible with
the standard soft lithography process. Figure 7(a) shows the
microscopic image of the SWNT electrode embedded in
a multiplayer PDMS microﬂuidic device. Since the SWNT
electrode exists only on the top surface of the ﬂow channels,
this promises a clean surface for forming strong covalent
bonding between PDMS and silicon dioxide surface of an
OET device. Figure 7(b) shows the SEM image of a thin ﬁlm
SWNT embedded into the cured PDMS matrix. Embedded
SWNT networks can provide better electrical stability and
mechanical robustness.

To examine the optical transparency of SWNT electrodes,
10-μm ﬂuorescent particles were pumped into an SWNT
OET device. Figures 7(c) and 7(d) are the bright ﬁeld
and the ﬂuorescence images of 10-μm ﬂuorescent particles
underneath an SWNT electrode. Three particles highlighted
with arrows are located in the membrane valve location
where two layers of PDMS channels cross. The relation
between the measured sheet resistance and the optical
transmittance at 632 nm is plotted in Figure 7(e). The optical
transparency and electrical conductivity of SWNT electrodes
are highly dependent on the carbon nanotube purity, tube
length, and dispersion quality of the ﬁlms. The transparency
and the sheet resistance can be controlled by the thickness of
SWNT ﬁlms, which can be adjusted by the amount of SWNT
in the dispersion solution. Experimental results have shown
a linear relationship between sheet resistance and optical
transparency. The electrodes with sheet resistance from ∼350
to ∼550 ohm per square have from 55 to 80% optical
transparency measured at 632 nm. In an SWNT OET device,
all the ﬂow channels (top layer) and the control channels
(bottom layer) are 300-μm wide, so the area of the valve
was 300 μm × 300 μm, and the height of bottom channel
was 18 μm. The valve could be pushed down to completely
close the bottom ﬂow channel by applying a pressure in the
top channel. Figure 7(f) shows a series of pictures of valve
function. The dye solution was pumped into an SWNT OET
device by a constant pressure of 1.5 psi. The white arrows
are the ﬂow directions of dye solution. First, a pressure of
25 psi was applied into the top channel in the right-hand side,
the PDMS membranes deformed, and the dye solution was
stopped by the two closed valves. The dye solution moved
when the two valves were open and the valve in left-hand
side was close. After the dye solution was ﬁlled in the entire
ﬂow channel, the color change in the valve region indicates
the closing of the valves. The electrical resistance of the
SWNT electrode increased when the valve deformed. After
releasing the pressure, the resistance decreased back to its
original value before deformation. The SWNT-embedded
PDMS thin ﬁlm electrode is capable of reproducing their
electrical conductivity for strain up to 40%.
In the experimental setup, a DMD-based projector with
its projection lens and color ﬁlters being removed is used as
the light source for generating dynamic optical images. These
images are projected onto the photoconductive layer by a
4x objective lens. The microﬂuidic integrated OET device
was positioned on an inverted microscope. An ac bias of
100 kHz, 10 Vpp is applied to the SWNT electrode in the
PDMS channel and the ITO electrode on the OET device.
Figures 8(a) and 8(b) are the snapshots of images showing a
10-μm particle being transported across a deformable PDMS
membrane valve by dynamic light images.
The performance of OET manipulation using an SWNT
embedded PDMS thin ﬁlm electrode has been compared
with a regular ITO electrode. An HeNe laser which was
set on an up-right microscope was used as the light source
to trigger virtual electrodes. Therefore, the incident laser
light is from the bottom side of the photoconductive layers,
avoiding the optical transmittance diﬀerence between two
top electrodes (ITO and SWNT). 10-μm particles were
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Figure 7: (a) A microscopic image of SWNT-embedded valves and channels in multilayer PDMS microﬂuidic structures. The channel is
bonded on an OET chip. (b) A SEM image of SWNT network embedded in the surface of PDMS. (c, d) Bright ﬁeld and ﬂuorescence image
of 10 μm ﬂuorescence particles underneath an SWNT electrode. (e) Measured sheet resistance of SWNT-embedded PDMS electrodes and
its relation with optical transmittance at 632 nm. (f) A series of pictures showing the valve function by deforming the SWNT membrane
electrode. The white arrows are the ﬂow directions of the dye solution in the ﬂow channels. The black arrows show the pressure sources to
deform the membranes. The dye solution can be stopped by pushing down the membrane. The scale bars are 600 μm.
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Figure 8: (a, b) Transport of a 10-μm particle by light across a membrane valve on an OET-integrated multilayer PDMS device. The scale
bars are 150 μm. (c) Comparison of particle moving speed in OET using ITO electrode and SWNT-embedded PDMS electrode. The light
intensity is 1.5 W/cm2 and the applied frequency is 100 kHz.

diluted in KCl solution of 0.07 mS/cm and injected into a
liquid chamber which was formed by an ITO electrode or an
SWNT electrode. The tests were under the application of an
ac bias with diﬀerent voltage but in the same liquid chamber
and at the same frequency, 100 kHz. Figure 8(c) shows the
average velocities of 10-μm particles under diﬀerent voltages.
The SWNT electrodes behave like regular ITO electrodes
under these operation conditions. The particle transport
speed using the SWNT electrode is similar to a regular ITO
electrode. We can estimate that the DEP forces in both
electrodes are almost the same.

5. Conclusion
We have successfully demonstrated two types of enabling
electrodes that permit OET devices to integrate with multilayer PDMS microﬂuidic devices with on-chip valve and
pump functions for conducting multistep and complex
biological diagnostic protocols. Au-mesh electrodes provide
high electrical conductivity and high optical transparency
but lack of robust mechanical ﬂexibility. Au-mesh electrode cracks after large mechanical deformation. SWNTembedded PDMS thin ﬁlm electrode solves this cracking

issue and also provides required electrical conductivity
and optical transparency for eﬀective OET operation in a
microﬂuidic integrated OET device. Sheet resistance of 350∼
550 ohm/square can be obtained with optical transparency
of 55% to 80%. The SWNT-embedded PDMS thin ﬁlm
electrode has robust mechanical ﬂexibility, can tolerate a
maximum strain of 40%, and can be used as a membrane
valve to completely close a ﬂow channel repeatedly without
losing its electrical conductivity property.
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This work reports on optoelectronic-based heaters that can transduce low-power optical images into high-power heating to
melt frozen liquids and form desired microﬂuidic circuitry. The mechanism of optoelectronic heating (OEH) was studied and
characterized. OEH relies on photocurrent heating in the illuminated parts of actuating images. Resolution was aﬀected by dark
current heating. Photocurrents and dark currents were measured and related to the operating parameters. Successful melting of a
frozen media within seconds with 2 mW light patterns and a 4 V operating voltage was demonstrated with feature sizes down to
200 μm × 200 μm. Strategies to increase resolution were addressed. It was shown that the size and location of heating areas can be
reliably and rapidly reconﬁgured by changing the actuating image.

1. Introduction
Microelectromechanical system (MEMS) techniques have
enabled thermal control at the microscale and thereby opened up the way to new applications. Microheating has been
applied to various chemical and biological processes [1, 2],
where accurate control of temperature is often essential, with
a particular focus on polymerase chain reaction [3]. It has
also been popular for microﬂuidic ﬂow control; thermal
pumps [4] and valves [5] oﬀer elegant solutions for device
integration. They are based on thermal expansion or phase
transition of speciﬁc materials. Other thermal phenomena
include the control of viscosity for droplet generation [6],
temperature gradient focusing of particles [7], and thermocapillary pumping [8]. Local microheating is usually achieved with thin-ﬁlm resistive heaters that are deposited and
patterned using MEMS fabrication techniques. Optical heating is a convenient alternative.
Existing optical heating often requires a high-power light
source and has been successfully demonstrated in chemical
and biological applications [9, 10]. Optothermal valves and
pumps have also been implemented in microﬂuidic platforms [11, 12]. They are typically based on thermal expansion of bubbles or nanocomposite materials in prefabricated
areas. Biocompatible thermoreversible gelation polymers

oﬀer more ﬂexibility [13]. Those polymers solidify when heated and are biocompatible. They can be mixed with biochemical samples and be used as ubiquitous valves activated upon
irradiation [14]. Nonetheless, all those devices are reliant on
the optical absorption of liquids, which varies with chemical
composition. Photoabsorbing substrates are a convenient
alternative. They have been applied to optothermal valves
[15] and droplet manipulation based on thermocapillary
eﬀects [16].
Optical actuation with low-power light patterns has been
recently developed for microﬂuidics. It oﬀers signiﬁcant advantages for device integration and parallel manipulation. It
is based on optoelectronic ampliﬁcation of optical signals. So
far, it has mainly relied on dielectrophoresis, with the optoelectronic tweezers (OETs) [17], and on optoelectrowetting
[18].
In this work, optical actuation with low-power light is
extended to microheating. Optoelectronic heating (OEH)
constitutes a new technique for thermal control at the microscale. OEH provides high ﬂexibility in thermal operations
and is of particular interest for microﬂuidic applications,
especially in the area of phase-transition-based ﬂow control
[19]. This paper reports on the fabrication and characterization of newly developed optoelectronic heaters (OEH
devices).
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2. Device Physics and Structure

Pheat = I · V ,
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Figure 1: Structure and physics of the OEH platform.
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The device presented in this work enables local microheating
controlled by low-power light images. Such process is illustrated in Figure 1. Images are generated by a DMD microdisplay (DMD Discovery 1100 by Texas Instruments) and
are projected onto an OEH device. Based on an optoelectronic heating transduction process, OEH devices convert
the lighted parts of an image into heating areas. OEH is
based on a photoconductive material sandwiched between
two electrodes. The bottom electrode is made of transparent
indium tin oxide (ITO). The top electrode is highly reﬂective
and contains silver. A voltage bias is imposed between the
electrodes, which induces a vertical electric ﬁeld across
the photoconductor. The lighted areas of displayed images
create charge carriers in the photoconductive layer that are
accelerated by the electric ﬁeld; they produce heat by the
Joule eﬀect. Thus, only low optical power is needed.
The photoconductive layer must absorb light eﬃciently
and thus necessitates a minimum thickness. Meanwhile,
lateral heat transfers must be minimized for high resolution;
this is why a thin ﬁlm with low thermal conductivity is
required. Hydrogenated amorphous silicon (a-Si:H) meets
both those requirements. One-micrometer ﬁlms can absorb
light eﬃciently (absorption is 10−4 cm−1 at 630 nm), and its
thermal conductivity is low, reportedly between 0.1 W/m/K
[20] and 2.6 W/m/K [21] (this last value was measured in
pure amorphous silicon ﬁlms). In comparison, crystalline
silicon (cSi) layers must be 30 μm thick to absorb light
eﬃciently, and the material’s thermal conductivity is approximately 140 W/m/K, leading to poor resolution.
The system’s temperature is controlled by a cooler. The
cooler is placed underneath the optoelectronic chip to keep
the top surface clear for observation and to facilitate access to
the OEH device for eventual applications. Since observation
requires illumination that would interfere with the actuating
light patterns, the patterns are projected from underneath
the chip; the cooler thus needs to be transparent.
In the OEH device, heat is generated by the Joule eﬀect.
The heating power is deﬁned as

Silver
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Figure 2: Typical I-V characteristic measured on an OEH device.
“Full light” means that the device is lighted throughout its
entire surface, and “dark” means that a black image is displayed.
Forward/reverse bias (positive/negative voltage) corresponds to a
negative/positive potential applied to the bottom ITO electrode.

(1)

where I is electrical current and V is the voltage bias.
Therefore, the device’s performance is monitored with I-V
curves. A typical I-V characteristic measured on an OEH
device is plotted in Figure 2.
The total current is sum of the dark current and the
photocurrent: I = ID + IP . Photocurrents are activated by
the lighted parts of displayed images. Dark currents emerge
from intrinsic properties of the photoconductor, from the
dark parts of displayed images, and from light used for
observation. A key feature of OEH is resolution, which stems
from the diﬀerence between heat generated in the lighted
areas of a displayed image and heat generated in the dark
areas of the image. Therefore the eﬀective heating power
depends on the photocurrent, and heating resolution will be
improved by reducing dark currents.
The device displays a rectifying behavior (Figure 2).
It comes from the metal-semiconductor contact, or the

Schottky contact, at the interface between a-Si:H and the
silver electrode. Such contacts have been reported for aSi:H and used for solar cell applications [22]. The a-Si:H
layer is n-doped in the vicinity of its interface with ITO
to ensure ohmic contact. Because forward bias (negative
potential applied to the bottom electrode) by far gives the
highest power output, OEH is performed under such a bias.
Dark currents are expected to be greatly inﬂuenced by
the Schottky barrier, and photocurrents to a lesser extent.
In spite of the fact that the Schottky barriers in a-Si:H have
been extensively studied, they are usually investigated under
reverse bias and low forward bias. Indeed, high forward bias
tends to reduce such barriers: as the forward bias increases,
the depletion region decreases. The barrier therefore eventually becomes negligible. Moreover, the series resistance of
intrinsic hydrogenated amorphous silicon is high (mobilities
are low). At higher voltage, currents become series-resistance
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Figure 3: Photocurrent under forward bias for a fully lighted image
(the entire surface of the OEH device is illuminated).

limited [23, 24], which precludes experimental studies of the
barrier. It also entails high heat losses in the device, which is
generally a drawback; in this work, it is the eﬀect sought after.

3. Materials and Methods
OEH devices were fabricated from hydrogenated amorphous
silicon chips purchased from Silicon Digital (Korea). Such
chips consisted of a glass substrate, a 200 nm thick indium
tin oxide (ITO) electrode, a 50 nm n-doped a-Si:H layer,
and a 1 μm-thick intrinsic a-Si-H layer; they were 3 cm wide
and 5 cm long. An array of 10 OEH devices was made
out of one of those chips. 500 nm of silicon dioxide was
deposited by plasma-enhanced chemical vapor deposition
(PECVD) and subsequently patterned by wet-etching using
buﬀer oxide etch (BOE, 6 : 1). SiO2 ﬁlled possible pinholes in
the a-Si:H ﬁlm to prevent shunt currents. SiO2 was etched
in the future locations of the OEH devices and in the
periphery. Amorphous silicon was then etched by RIE in the
periphery in order to reveal the underlying ITO. Contact
pads for the OEH devices’ top electrode and for ITO were
subsequently deposited by evaporation and patterned by
liftoﬀ. This layer was made of titanium and gold (10 nm
and 100 nm). Finally, the OEH devices’ top electrodes were
deposited and patterned through the same process. They
were made of titanium for adhesion (10 nm), platinum as
an atomic diﬀusion shield that protected the semiconductor
from silver (50 nm), and silver for high reﬂection (100 nm).
A picture of the ﬁnal chip is shown in Figure 1.
The chip was then placed on a cooler. The cooler was
made of an aluminum plate with a built-in transparent
sapphire window. Sapphire has a high thermal conductivity,
which is essential to cooling eﬃciency. To limit light absorption while cooling homogeneously, the cooler’s thickness
was minimized based on simulations using the COMSOL

Multiphysics software. Temperature was controlled by thermoelectric coolers (PT8-25-40∗80 by Melcor, Trenton, NJ,
USA) attached to the aluminum plate.
A DMD microdisplay generated images that were focused
on the photoconductive layer using lenses and a mirror
(Thorlabs, Inc.). The DMD was integrated with a light source
consisting of a red diode emitting at 629 nm and with a projection lens (ViALUX GmbH, Germany). This wavelength
provided optimum absorption in the 1 μm thick a-Si:H
layer. For most of the experiments, the chip was connected
to an electrical setup controlled by LabView. I-V curves
were plotted based on this setup. For melting experiments,
however, a dc generator was directly connected to the chip.
OEH devices were visualized through a microscope placed
above the optoelectronic chip.
For the melting experiments, a layer of liquid hexadecane
(ReagentPlus, 99%, Sigma-Aldrich) was placed on the optoelectronic chip at room temperature. The layer was conﬁned
using spacers and a glass cover slip. The cooler’s temperature
was then set to 288 K to freeze hexadecane. Using a 4 V
operating voltage and images of square patterns, melting of
square-shaped areas was achieved.

4. Experimental Section: Characterization
of OEH
For high power and high resolution, heating must be
maximized in lighted regions and minimized in dark regions.
Photocurrents and dark currents are studied by using fully
lighted images (the entire surface of the OEH device is
illuminated) and black images, respectively. Furthermore,
optical control of OEH is investigated using more complex
light patterns.
4.1. Heating Power: Study of Photocurrents. In this section,
photocurrents and their dependence on voltage and on
the optical power input are investigated. Dark currents
can be subtracted from the current measured under full
illumination to study the photocurrents (see Figure 2). The
resulting curve is plotted in Figure 3.
Theoretically, in a photoconductor, photocurrents are
linearly correlated to voltage [25]. They follow the following
equation:

A
IP = μn + μ p Ge τq V ,
l

(2)

where μn and μ p are, respectively, the electron and hole
mobilities, Ge is the carrier generation rate, τ is the carrier
life time, q is the elementary charge, A is the illuminated
photoconductor area, l is the semiconductor thickness, and
V is the voltage bias. A slight nonlinear trend is observed
in Figure 3 however. The plot is ﬁtted for voltages greater
than 0.3 V, since measurements at very low voltages are noisy.
With excellent correlation of R2 = 0.9999, the photocurrent
follows the following equation:
IP = I0P V ϕ
with ϕ = 1.43 and I0P = 1.85 · 10−2 A.

(3)
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The exponent ϕ is greater than its theoretical value
of 1 (see (2)). Such a superohmic photoconductivity has
been reported in a-Si:H under high electric ﬁelds, typically
above 10 kV/cm [26, 27], which is comparable to the ones
used in the present study. This behavior, however, decreases
with temperature, and those experiments were performed
at 100 K and below. The Schottky contact is a more
likely cause of superohmic photoconductivity in the present
study. Since the depletion region at the corresponding
metal-semiconductor interface decreases when forward bias
increases, the series resistance is also reduced and thereby
causes the observed superohmic trend.
A key aspect of OEH is its low-power light source. This
feature is studied by measuring the power output under
diﬀerent optical power inputs. The results are represented in
Figure 4(a).
Fully lighted images are displayed at diﬀerent optical
powers. In Figure 4(a), 100% corresponds to the maximum
power output of the display system, 2 mW. Percentages
of the maximum power are achieved by homogeneously
turning oﬀ pixels in the projected image. Each millisecond,
a new image with newly turned-on and turned-oﬀ pixels is
displayed to ensure homogeneity. For that purpose, the DMD
display is controlled by a Matlab program. I-V curves are
plotted under optical powers varying from 10% to 100%,
with 10% increments. A clear saturation trend is observed.
It shows that increasing the optical power input above
1 mW (corresponding to 50%) has a limited impact on heat
generation.
Those results can be analyzed using the equation found
for photocurrents, (3). After subtracting the dark currents,
which correspond to the 0% curve in Figure 4(a), excellent
ﬁtting is achieved, with R2 values ranging from 1 to 0.9995
for light intensities above 20%. 10% light intensity gives R2 =
0.9988. The corresponding values for I0P and ϕ are plotted in
Figures 4(b) and 4(c).
I0P increases with the optical power input as illustrated
in Figure 4(b), but a slight saturation tendency is observed.
Figure 4(c) shows that increasing light intensity decreases ϕ,
leading to a lower response to voltage. Figures 4(b) and 4(c)
clearly indicate that photocurrents tend to saturate when the
optical power increases.
Furthermore, theoretically I0P is proportional to the
carrier generation rate, which itself is proportional to light
intensity. It comes from (2) and from the following equation
for the generation rate [25]:
Ge =

1 Popt
η
,
Al hν

(4)

where η is the quantum eﬃciency, Popt is the light intensity
or incident optical power, and hν is the photon energy. From
the data displayed in Figure 4(a), photocurrents are plotted
against light intensity for various values of the bias voltage (Figure 4(d)). According to Figure 4(d), photocurrents
approximately scale with light intensity following a power
law with exponent smaller than one:
γ

IP ∝ Popt ,

with γ < 1.

(5)

This behavior has been reported previously [28, 29]. The
exponent γ is plotted in Figure 4(e). Interestingly, γ decreases
with voltage. It shows that the dependence of photocurrents
on voltage and their dependence on light intensity are
correlated. The literature reports values of γ spanning
from 0.5 to 1 [28, 29] depending on the recombination
process. If recombination is purely bimolecular (involving
an electron and a hole), γ = 1/2; if recombination is purely
monomolecular (involving a single charge carrier at a time),
γ = 1 [28].
These results show that photocurrents are related to
voltage and light intensity through a power law, with a scaling
exponent greater than one for voltage and smaller than one
for light intensity. These relations are correlated, since the
exponent of the power law for voltage (ϕ) depends on light
intensity and the exponent of the power law for light intensity
(γ) depends on voltage. Increasing voltage is an eﬃcient way
to achieve high-power OEH with low-power light. On the
contrary, increasing the optical power input above the level
currently available on the OEH platform will have little eﬀect.
4.2. Resolution: Study of Dark Currents. Resolution is aﬀected
by heat generation in the dark areas of the displayed patterns.
It stems from two sources: dark currents and background
currents. Dark currents are generated by the voltage bias.
They can result from thermal excitation of carriers or
background doping in a-Si:H. Background currents are
excited by background illumination, which comes from the
light used for observation and from the dark parts of images.
Black images indeed generate a 3 μW optical power. In this
work, dark currents and background currents are grouped
together and simply designated as dark currents to indicate
that they occur in dark regions.
The forward characteristics of an OEH device are measured under complete dark at 22◦ C. To assess the inﬂuence
of background currents, the characteristics are also measured
when a black image is displayed and when the device is
illuminated for microscope observation. The characteristics
are ﬁtted with the diode equation:


ID = I0D exp







qV
−1 ,
nkB T

(6)

where V is the bias voltage, kB is the Boltzmann constant,
T is the temperature, and n is the ideality factor. The
results are plotted in Figure 5. For complete dark, dark with
DMD background light, and dark with background light
and observation light, values for I0D are, respectively, 5 ×
10−5 A, 3.3 × 10−4 A, and 1.17 × 10−3 A. The corresponding
values for n are 56, 69, and 79, respectively. Background and
observation lights expectedly increase both I0D and n. The
diode model matches the data well. At 4 V, carriers generated
by background light approximately result in a three-fold
increase of current; adding microscope illumination causes
another twofold.
The ideality factors are high compared to reported values.
They are usually close to unity, although they can increase up
to values of 10 at lower temperature [22, 30]. Nevertheless,
values reported in previous works were measured at low
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Figure 4: Inﬂuence of the optical power input on OEH. (a) I-V curves showing the functional dependence of currents on light intensity under fully lighted
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voltages, typically between 0.2 V and 0.6 V (ideality factors
close to unity cause the current to reach very high values
around 1 V). On the contrary, the study herein investigates
a voltage range between 0 V and 8 V. At such far forward
bias, series resistance and, at higher voltages, eventual spacecharge-limited currents have to be accounted for [23].
Those phenomena limit currents and explain high ideality
factors. Furthermore, the prefactor I0D is higher compared
to reported values. It stems from high forward bias and shunt
currents. Shunt currents are caused by pinholes in the photoconductive layer and have been reported in a-Si:H ﬁlms [23].
Resolution can be increased by mitigating dark current
heating. It can be done by reducing currents induced by
microscope illumination. The related optical power can be
reduced to a minimum value, or other visualization strategies
can be adopted. Furthermore, observation light is partly
reﬂected by the silver electrode, since the reﬂectance of silver
is between 90% and 95% for most of the visual range of
the light spectrum. Some of it is absorbed, however, which
causes currents. Improving reﬂection of the OEH device’s top
electrode, for instance, using antireﬂective coating, should
therefore reduce dark heating. Filtering light to a particular
range of wavelengths could also optimize reﬂection. On the
contrary, not much can be done to curb background currents
originating from the dark parts of displayed patterns. The
only option is to use a display device with a higher contrast.
Finally, dark currents that do not emerge from background
light can be reduced using higher-quality materials, with
minimal shunts and background doping. It will increase the
series resistance.
For a heater, the eﬀect of temperature variation on
device performance is important. The characteristics of dark
currents under background and observation light as well as
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Figure 6: I-V curves showing the inﬂuence of temperature (T)
on dark currents (a) and photocurrents (b). The increase of
temperature is illustrated with an arrow.

the characteristics of photocurrents under full illumination
are studied at diﬀerent temperatures. The results are plotted
in Figure 6. The temperature range studied spans from 284 K
to 314 K. Temperature has a relatively stronger inﬂuence on
dark currents than on photocurrents. It entails that, when
temperature increases, heating power will be maintained but
resolution will be aﬀected. This eﬀect is stronger at higher
voltages.
4.3. Optical Control of OEH. Up to this point, only fully
lighted and black images have been used to study the OEH
device. The goal for OEH is to oﬀer optically controlled
microheating with high ﬂexibility in terms of size, location,
and timing. In this section heating is thus studied with more
complex images: square patterns of diﬀerent sizes in a ﬁxed
location, square patterns of ﬁxed size in diﬀerent locations,
and ﬁnally sequences of fully lighted and black images with
varying frequencies to investigate the device’s time response.
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Figure 7: Melting of square-shaped areas localized at the OEH device’s center in hexadecane at 15◦ C. From (a) to (i) in percentage of chip
area: 1%, 2.25%, 4%, 6.25%, 9%, 16%, 25%, 56.25%, and 100%. Each image represents a 5 mm × 5 mm area.
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An interesting application of OEH is the rapid fabrication
and reconﬁguration of microﬂuidic structures by local
thawing of a frozen media. Melting actuated by images is
demonstrated herein. It is also a convenient way to visualize
OEH. The melting material used is hexadecane. It melts
at 18◦ C, and its latent heat is 184 kJ/L (as compared to
332 kJ/L for water). The system temperature is set at 15◦ C,
and the operating voltage is 4 V. Square patterns of diﬀerent
sizes are displayed at the chip center. Figure 7 illustrates the
experimental results.
Figure 7 shows square-shaped melted areas ranging from
500 μm × 500 μm to 5 mm × 5 mm. They were melted within
seconds, thus proving OEH’s eﬃciency, and they remained
stable thereafter. Steady state was achieved between 2 s
and 10 s depending on the feature size—the transient time
increased with size. For better visualization, a rather thick
layer of hexadecane was used. The thickness was between
150 μm and 200 μm. Since melting was detected only when
the layer was thawed throughout its whole thickness, smaller
feature sizes were obtained with thinner ﬁlms.
The melted areas display rounded corners. They are due
to the isotropy of heat diﬀusion, as corroborated by threedimensional simulations based on the COMSOL Multiphysics software. The simulations also show that temperature
within the device does not vary more than a few degrees.
Indeed, thermal insulation has not been optimized in this
study. In particular, the high thermal conductivity of silver
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Figure 8: Functional dependence of normalized photocurrents
and normalized melted areas on the corresponding normalized
lighted areas. The expected linear trend is plotted for reference.
Photocurrents are normalized to the photocurrent generated by a
fully lighted image, where the entire OEH device area is lighted.
Melted areas and lighted areas are normalized to the OEH device
(heater) area.
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Figure 10: Current variation with time when a fully lighted image and a black image are sequentially displayed one after the other, each for
1 s (a) or for 0.05 s (b).

accounts for higher heat ﬂuxes in the OEH device’s top
electrode.
More measurements were carried out with a 100 μm thick
layer of hexadecane. Pictures of melted square patterns
were taken and used to evaluate the corresponding areas.
Normalized melted areas are plotted against the corresponding normalized lighted areas in Figure 8. Melted areas
and lighted areas are normalized to the OEH device’s
surface area. Photocurrents were also measured. They are
plotted against the corresponding normalized lighted areas
in Figure 8. Photocurrents are normalized to the maximum
photocurrent, which is activated by fully lighted images.
Melted areas and photocurrents are accurately controlled by
the light patterns down to 500 μm × 500 μm features. The

preciseness and eﬀectiveness of OEH are thereby demonstrated. Optical control becomes nonlinear below 500 μm
× 500 μm features. This phenomenon is observed on data
points corresponding to melted areas of 200 μm × 200 μm
and 250 μm × 250 μm that are actuated by square patterns of
areas 300 μm × 300 μm and 400 μm × 400 μm, respectively.
As stated hereinbefore, the layer’s thickness plays a role
in this nonlinear behavior. Besides, dark currents become
comparable to photocurrents at lower feature sizes. Thereby,
the dark currents aﬀect resolution and also account for this
nonlinear response.
Figure 8 shows that for lighted areas larger than 500 μm ×
500 μm the photocurrent can be used as a proxy for OEH
and for melting. It will be used in the following. Heating
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homogeneity is important for the reliability of OEH devices.
To test homogeneity, the OEH device’s surface was divided
into a four by four array of 16 1.25 mm × 1.25 mm areas.
The areas were lighted one at a time, and the current was
measured. The experiment was repeated at several voltages;
the results for 2 V, 3 V and 4 V are plotted in Figure 9(a).
An OEH device is a square of area 5 mm × 5 mm (cf.
Figure 1). Figure 9(a) shows how heating varies throughout
the OEH device’s surface. Although the values are close to
one another, diﬀerences appear. No obvious trend such as
edge eﬀects stands out however. The standard deviation for
the current values throughout the 16 unit areas is plotted
against voltage in Figure 9(b). Homogeneity in the areas’
response to optical actuation is fairly good throughout the
OEH device’s surface: the standard deviation stays below
5% of the average value. The highest diﬀerence between
current values, however, reaches 15%. The reason for this
slight heterogeneity is not straightforward. A likely cause is
the quality of a-Si:H. The material used in these experiments
has proven very rough and contains pinholes. Roughness
indicates variations in chemical composition and thickness,
which entail variations in conductivity. Pinholes, if not properly passivated by the oxide layer, result in shunt currents.
The randomness of those two factors is in agreement with the
results presented in Figure 9(a). Better quality amorphous
silicon will increase heating homogeneity.
The time response of the device is also an important
parameter for the nature of reconﬁgurable operations. It was
tested by serially displaying fully lighted and black images at
diﬀerent frequencies. The results are illustrated in Figure 10.
In these experiments, currents were measured at 2.5 V.
A fully lighted image and a black image were displayed one
after the other and each for the same amount of time, which
varied between experiments from 1 min to 0.01 s. The device
could be operated as fast as 0.05 s/image. Current was plotted
against time. The curves show rounded corners that are due
to capacitive eﬀects. Those eﬀects appear to be the timeresponse limiting factor. In the case of melting applications,
melting takes at least half a second and will thus be the
limiting time factor of reconﬁguration.
Finally, although a-Si:H is known to degrade when
illuminated because of light-induced defects [31], no degradation was noticed during four weeks of device operation.

5. Conclusion
In this paper, an optoelectronic-based heater is reported for
the ﬁrst time. It enables heating conﬁned at microscales with
low-power light pattern actuation. Optoelectronic heating
(OEH) is triggered by photocurrents in the lighted parts
of actuating images. Photocurrents highly respond to the
operating voltage, and their dependence on the optical power
input is limited. Therefore OEH eﬃciently operates with
low-power light. Dark currents cause undesired heating in
the dark regions of actuating images. Since they respond
exponentially to the operating voltage, they aﬀect resolution
at higher voltages. However, dark currents can be mitigated
by improving the photoconductor quality and by minimizing
background illumination. The versatility of OEH has been
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demonstrated by varying the size, location, and timing of the
actuating light patterns. In particular, a frozen material was
successfully melted within seconds. The melting areas varied
from 5 mm × 5 mm to 200 μm × 200 μm. Smaller feature
sizes can be achieved by improving the resolution of OEH
devices and reducing the frozen material layer’s thickness.
Thawing of a frozen media by OEH paves the way to the rapid
fabrication and reconﬁguration of microﬂuidic structures, as
previously reported [19]. This work provides a quantitative
analysis of the OEH process for further investigation of
reconﬁgurable microﬂuidic circuitry controlled by lowpower light images.
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This study reports a new approach for assembling carbon nanotubes (CNTs) between electrodes combination of optically induced
dielectrophoresis force and dielectrophoresis force. Metal electrodes and amorphous silicon layer were ﬁrst patterned and then
used to assemble CNTs. By utilizing moving light patterns, the CNTs could be collected to the central area between two metal
electrodes. The CNTs with diﬀerent concentrations can be collected and aligned to form CNTs lines with diﬀerent widths. The
immobilization of preassembled CNTs was also demonstrated by exposing them to an ultraviolet light source such that they can
be ﬁxed at the prealigned location. Then photoresist asher was used to get rid of the cured polymer. The development of the new
platform can be promising to massively assemble CNTs.

1. Introduction
The application of CNTs in various ﬁelds has increased
dramatically and has made a substantial impact recently
since their discovery [1]. For example, they are regarded as
promising building blocks for next-generation nanosensing
devices due to their high-aspect-ratio structures, unique
electronic characteristics, and excellent transducing properties [2, 3]. With advances in micro- and nanotechnologies,
these nanosensing devices are capable of metering physical,
chemical or biological properties at a micro- or even nanoscale. For instance, CNTs can be trapped and patterned
across prefabricated electrode arrays to yield reproducible
sensing features in constructing gas sensors [4, 5]. However,
there are several issues involved when patterned CNTs across
electrodes to form nanosensors. First, reproducible and wellcontrolled patterns of CNTs must be made such that these
nanosensors will behave in a reproducible manner from
device to device. Furthermore, parallel assembly of these
CNTs is crucial for mass production of any CNT-based nanosensors.
A variety of methods for the manipulation of CNTs
have been demonstrated in the literature, including guided

CNTs growth [6, 7], magnetic forces [8, 9], polar molecular
patterning [10], and optical tweezers [11]. For instance,
organized CNTs structures can be formed by using chemical
vapor deposition such that guided CNTs can grow in situ.
Alternatively, pregrown CNTs can be aligned and manipulated after they have been formed. However, it is either a
lengthy process or remains challenging when attempts are
made to align them in parallel between two electrodes for
a large-scale fabrication process. Furthermore, a variety of
techniques for modifying the surfaces of CNTs may also give
rise to self-assembled ordered structure of CNTs on metal
substrates [12]. Alternatively, optical tweezers (OTs) have
been explored as a ﬂexible method for the manipulation of
CNTs [13]. Although OTs can manipulate objects accurately
by using high-power laser beams to trap the nanoobjects,
they also need a high-precision positioning process for
the manipulation of CNTs, hence, hindering their practical
applications. Furthermore, the experimental setup for an OT
system is relatively costly.
Recently, another technique, dielectrophoresis (DEP)
[14], has been commonly used for CNT manipulation. For
example, CNTs could be aligned between two metal electrodes with ease by using this approach [15, 16]. However,
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the number and the total width of clustered CNTs are
diﬃcult to be precisely controlled since the induced DEP
force exists only in the neighborhood of the electrodes.
Therefore, it may signiﬁcantly aﬀect the density of the CNTbased nanosensors. Consequently, a primary challenge involved in the fabrication of these nanosensing devices is the controllable manipulation of CNTs, and, thus, it still remains
challenging to align a well-controlled number of CNTs
between two electrodes. Recently, optically induced dielectrophoresis (ODEP) and optoelectronic tweezers (OET)
have been reported to manipulate microparticles [17], or
even metal nanowires and CNTs [18, 19]. Furthermore, the
manipulation and patterning of CNTs has been demonstrated [20]. The ODEP was further demonstrated as a
powerful tool to manipulate CNTs. However, the attempt
to assemble CNTs between electrodes to form a CNT-based
nanosensor by utilizing ODEP and dielectrophoresis has
never been made. In this study, a new method to assemble
CNTs on a nanosensor by using the combination of ODEP
and DEP forces was reported for the ﬁrst time. It may allow
for large-scale, parallel assembly of CNTs with a well-controlled width across two electrodes, which is crucial for the
practical application of CNT-based nanosensors.
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Metal electrode

a-Si

ITO layer
Glass

30-μm spacer

Figure 1: Schematic illustration of the new ODEP platform for
assembling CNTs between electrodes to form a CNT-based nanosensor. The ODEP chip was composed of an upper ITO glass and
a bottom substrate coated with a photoconductive layer (a-Si) and
patterned gold electrodes.

The DEP force for nanotubes with a radius of r and a
length of l, including CNTs, can be represented as follows
using an elongated ellipsoid model [21]:

2. Materials and Methods
2.1. Operating Principle. Figure 1 shows a schematic illustration of the new approach for assembling CNTs across electrodes. Brieﬂy, the DEP force was used to attract more CNTs
around the electrodes. Then, CNTs were collected and transported to the central area between the two electrodes by using the ODEP force from a projected moving light pattern.
The width of the CNTs line can be controlled by either the
collection time or the initial concentration of the suspended
CNTs. The chip was composed of an upper indium-tin-oxide
(ITO) glass and a bottom substrate coated with a photoconductive layer (hydrogenated amorphous silicon, a-Si) and
patterned metal electrodes. The gap spacing between the
top and the bottom layer is typically deﬁned using doublesided tape with 30-μm thickness. The entire region can
induce the ODEP force except the metal electrodes since
they are not supplied with alternating current (AC) voltages.
When an AC voltage was applied across the metal electrodes
patterned on the bottom substrate, a lateral nonuniform
electric ﬁeld can be generated. Afterwards, when a projected
light source illuminates the a-Si layer, electron-hole pairs
were excited, thus, decreasing the impedance of the a-Si
layer by 4 to 5 orders of magnitude. Then the AC voltage
dropped across the liquid layer inside the illuminated area
such that a non-uniform electric ﬁeld can be induced. The
light-illuminated region can be regarded as the “virtual electrode.” When CNTs were suspended in the non-uniform
electric ﬁeld, a positive ODEP force can be induced when
an appropriate frequency was applied and thus CNTs can be
manipulated and prealigned across the electrodes by moving the light patterns which has been programmed by a computer. Therefore, a thin line of CNTs can be aligned across
the electrodes.

ITO glass
CNTs in suspension

F=

 
πr 2 l
εm Re[K ∗ (ω)]∇ E2 ,
6

(1)

where l denotes the length of the nanotubes, εm represents
the permittivity of the surrounding medium, r is the radius
of the nanotubes, E is the electric ﬁeld, and Re [K ∗ (ω)] is
known as the real part of the Clausius-Mossotti (CM) factor.
The induced ODEP forces are proportional to the gradient
of the square of the electric ﬁeld strength [∇(E2 )] which
is directly related to the eﬃciency of the photoconductivity
eﬀect of the a-Si layer.
2.2. Fabrication Process. Figure 3 shows a schematic illustration of the simpliﬁed fabrication process for the ODEP
chip. The chip is with typical sizes of 4 cm × 4 cm. A 10nm thick molybdenum layer, acting as an adhesive and conductive layer, was ﬁrst deposited onto a 1-mm thick ITO
glass substrate. A 0.5-μm thick a-Si was then deposited
on top of the adhesive layer by using a plasma-enhanced
chemical vapor deposition (PECVD) process. Then, the
a-Si layer was patterned by using a reactive ion etching
process. Next, a standard wet ITO etching process was used
to pattern ITO electrodes. The purpose of this step was
to isolate the ITO electrodes from the photoconductive
material layer. Next, the fabrication process involved the deposition of an adhesion layer of 150-Å chrome and a 1000-Å
gold electrode layer by using an electron-beam evaporation
process. Photolithography was then used to pattern the
metal layer into a triangular shape. The two electrodes face
inward with a tip-to-tip distance of 70 μm. ODEP and DEP
forces can be induced when two AC voltages were applied at
diﬀerent electrodes.
2.3. Experimental Setup. CNTs were ﬁrst dispersed in a
10-mL solution containing 20% w/v poly(ethylene glycol)
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Figure 3: The simpliﬁed fabrication process of the ODEP chip.
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Figure 2: Schematic illustration of the experimental setup and the
assembly process of CNTs between ITO electrodes by using a positive ODEP force and a DEP force.

diacrylate (PEGDA) and 0.2% w/v photoinitiator (Irgacure
2959) [18] so that the electrical conductivity of the solution
formed was around 80 μS/cm. PEGDA is an ultraviolet (UV)curable polymer [22, 23] that forms a three-dimensional
polymer matrix in the presence of an UV source. CNTs with
purity not less than 90% were chosen as the solute in this
study. Since CNTs are hydrophobic and tend to bundle together, it was diﬃcult to achieve well-dispersed CNTs. After
mixing, the CNTs solution was bath sonicated for 1 hour to
become more dispersed CNTs and then centrifuged for 3 min
at 1500 rpm. Around 5 μL of the solution was then pipetted
into the ODEP chip.
Figure 2 shows the experimental setup. A digital projector (PJ1172, Viewsonic, Japan) was used to illuminate
preprogrammed light patterns as virtual electrodes onto the
ODEP platform. A 50x objective lens (Nikon, Japan) was
ﬁxed between the projector and the ODEP chip to focus the
projected light onto the chip to form light patterns. It was

composed of a charge-coupled device (CCD) camera (SSCDC80, Sony, Japan), an optical microscope (Zoom 125C,
OPTEM, USA), and a computer equipped with an image
acquisition interface card. The AC voltage was supplied by
using two function generators (Model 195, Wavetek, UK;
AFG310 TEKTRONIX, USA), and a power ampliﬁer (790
Series, AVC Instrumentation, USA). In this study, an AC
power source with a frequency of 100 kHz and a magnitude
of 20 Vpp was applied across the top and bottom layers of
the ODEP chip to generate an electrical ﬁeld. Similarly, the
voltage applied across the metal electrodes was 30 Vpp with
a frequency of 110 kHz. Note that the operating frequencies
of these two applied voltages must be diﬀerent. If the two
applied frequencies were the same, the CNTs connected to
the electrodes would move up and down, which is a result of
the interference between the simultaneous DEP and ODEP
forces.

3. Results and Discussion
As mentioned previously, moving light patterns can be used
to attract and collect dispersed CNTs in the medium to the
center of the electrodes when using ODEP forces. Figure 4
shows a series of photographs for prealigned CNTs at the
electrodes. First, an AC potential was applied to the metal
electrodes to generate the required electric ﬁeld for the
DEP alignment process (Figure 4(a)). The CNTs would
adhere to the electrodes temporarily. Second, the CNTs
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Figure 4: A series of snapshot photographs for collecting CNTs to the central area between metal electrodes by using moving optical images
and DEP forces.
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Figure 5: The relationship between the width of the line of CNTs
and the concentration of the CNTs.

were successfully collected by using the ODEP force. CNTs
were attracted and collected to a speciﬁc area through the
manipulation of the moving optical images designed by the
computer program (Figures 4(b)–4(e)). A speciﬁc light track
to collect suspended CNTs was generated as follows. First,
six vertical lines inside a big square were used to collect
CNTs. Then, these six lines moved toward the center and
then collapsed into two lines to deﬁne the width of the CNTs
line between two electrodes such that the suspended CNTs
were collected horizontally. Finally, another six horizontal
lines were generated to collect the suspended CNTs. These

six lines moved and then collapsed again to only one line.
With this approach, suspended CNTs can be collected and
aligned into a thin line across two electrodes. The patterns
of the light track were ﬂexible and could be ﬁnetuned based
on the required line width. Note that the moving speed of
the light track should be controlled appropriately. If the light
track moved too fast, the CNTs cannot move with the light
track so that the collected CNTs may not be enough.
It was clearly observed that most of the CNTs in the
manipulation area can be successfully collected by animated
optical images. In this case, the concentration of the CNTs
was 0.51 mg/mL, and the resulting line width of the CNTs
was measured to be 15 μm by utilizing both the DEP and
ODEP forces (Figure 4(f)). The operating times for applying
the DEP and ODEP forces were ﬁve minutes and three
minutes, respectively. It was found that the line width of
the CNTs can be adjusted by controlling the initial concentrations of CNTs. Figure 5 shows the relationship between
the width of CNTs lines and the concentrations of the CNTs
at an applied voltage of 20 Vpp. It can be clearly observed
that at higher concentrations, the width of the line of CNTs
line increases. Note that lower initial CNT concentrations
were tested. However, the line of CNTs cannot be formed
at concentrations lower than 0.45 mg/mL, indicating that
the narrowest width of the nanosensor was 8 μm in our
current experimental conﬁguration. The width of CNT line
also depended on the light width from the pro-jector. The
minimum line width provided by this ODEP plat-form was
approximately 5 μm. By adopting a higher power projector
and a better optical setup, this minimum line width could be
further minimized.
Nevertheless, utilizing the ODEP force only cannot
connect the CNTs to the electrodes. Hence, the DEP force was
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the prealigned CNTs. Figure 6(a) shows a scanning electron
microscopy (SEM) image of CNTs in the photoresist before
using the ashing process. After the ashing process, most of
the polymers were ashed and the CNTs were exposed for the
subsequent sensing applications (Figure 6(b)).

4. Conclusion

15.0 kV 14.0 mm ×600 SE(U)

50 μm

(a)

This study, for the ﬁrst time, reports a new approach
for assembly of carbon nanotubes between electrodes by
utilizing optically induced dielectrophoresis and the dielectrophoresis forces. An animated optical pattern was designed
to collect the CNTs in the medium. The widths of the CNTs
were reasonably controlled. The minimum line width of the
CNTs was measured to be 8 μm. Furthermore, the prealigned
CNTs were immobilized by exposure to an UV source. This
developed platform may be promising for controlling the
width of CNTs in nanosensors.

Abbreviation and Nomenclature

15.0 kV 15.0 mm ×35.0 k SE(U)

1 μm

(b)

Figure 6: SEM images of CNTs in the photoresist (a) before and (b)
after the ashing process.

further used before the CNTs were collected. The relationship
between the width of the CNT lines and the concentrations
of the CNTs using a combination of the ODEP and DEP
is also shown in Figure 5. Some CNTs would connect to
the electrode when using DEP so that the CNTs in the
neighboring area would decrease. Consequently, the line
width will be narrower if utilizing the DEP and the ODEP
simultaneously at the same concentration. The fewer number
of CNTs connected, the narrower the resulting line width.
The coeﬃcients of variation for the measurements of the
widths were 10%, 4%, and 6% for CNTs concentrations of
0.45, 0.51, and 0.56 mg/mL, respectively, indicating that the
CNT-based nanosensors can be fabricated by using the proposed method with good reproducibility.
Another issue after the alignment of the CNTs is to
ﬁx them to the original location. As mentioned previously,
an UV illumination (UV-A) through a metal mask for 10
minutes was used to immobilize the CNTs once the nanowires were positioned at the desired location. The UVcurable polymer was then removed by a photoresist asher
such that the prealigned CNTs can be used. Note that the
time and the power of the photoresist asher need to be
controlled carefully to avoid the oxidation and damage of

AC:
a-Si:
CCD:
CM:
CNTs:
DEP:
E:
εm:

Alternating current
Hydrogenated amorphous silicon
Charge-coupled device
Clausius-Mossotti factor
Carbon nanotubes
Dielectrophoretic
Intensity of the applied electric ﬁeld
Electrical permittivity of the
surrounding medium
Fdep:
Dielectrophoretic force
ITO:
Indium-tin-oxide
l:
Length of the nanotubes
ODEP:
Optically induced dielectrophoresis
OET:
Optoelectronic tweezers
OT:
Optical tweezers
PEGDA:
Poly(ethylene glycol) diacrylate
r:
Radius of the nanotubes
Re[K ∗ (ω)]: Real part of Clausius-Mossotti factor
SEM:
Scanning electron microscopy.
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This paper presents a new approach in the use of MEMS technology to fabricate micro-optoﬂuidic polymer solid lenses in order
to achieve the desired proﬁle, focal length, numerical aperture, and spot size. The resulting polymer solid lenses can be applied in
optical data storage systems, imaging systems, and automated optical inspection systems. In order to meet the various needs
of diﬀerent applications, polymer solid lenses may have a spherical or aspherical shape. The method of fabricating polymer
solid lenses is diﬀerent from methods used to fabricate tunable lenses with variable focal length or needing an external control
system to change the lens geometry. The current trend in polymer solid lenses is toward the fabrication of microlenses with a high
numerical aperture, small clear aperture (<2 mm), and high transmittance. In this paper we focus on the use of thermal energy
and electrostatic force in shaping the lens proﬁle, including both spherical and aspherical lenses. In addition, the paper discusses
how to fabricate a lens with a high numerical aperture of 0.6 using MEMS and also compares the optical characteristics of polymer
lens materials, including SU-8, Norland Optical Adhesive (NOA), and cyclic oleﬁn copolymer (COC). Finally, new concepts and
applications related to micro-optoﬂuidic lenses and polymer materials are also discussed.

1. Introduction
Microlens arrays are currently utilized in a wide array of
applications, including projection [1], smart phone cameras
[2], data storage [3] and imaging devices [4]. Most of the
lenses used in these types of applications have a ﬁxed focal
length and require precision positioning and high-resolution
imaging. Because of this, the size, proﬁle uniformity,
numerical aperture, and focal length of microlens arrays
are very important factors in relation to system integration.
The focuses of optical systems employing ﬁxed-focus lenses
are generally accomplished using a servo control system.
Solid ﬁxed-focus lens fabrication concepts and methods
are quite diﬀerent from those of microtunable lenses. As
a consequence, this paper only compares the fabrication
and design methods for ﬁxed-focus spherical and aspherical
lenses. The method of fabricating polymer solid lenses is
diﬀerent from methods used to fabricate tunable lenses with

variable focal length or needing an external control system to
change the lens geometry.
A variety of techniques for the fabrication of microlenses
already exist. Recently, a variety of fabrication techniques
for microlenses have been proposed and demonstrated, such
as resist melting [5], electrowetting [6], and micro inkjet
printing [7]. These methods have various restrictions, such
as diﬃculty of controlling numerical aperture due to intrinsic fabrication limitations or numerous control variables.
One low-cost method is to use a modiﬁed ink-jet printer
to produce lenses. However, this nonlithographic technique
suﬀers from limitations in alignment accuracy and minimum
lens size. An alternative technique to using lithography is
that of resist reﬂow [5], in which photoresist is patterned at
speciﬁc locations and then melted so that the resist changes
its shape under the inﬂuence of surface tension to form
a portion of a sphere. Although this technique is used to

2
manufacture high-quality lenslets, it has several drawbacks:
high processing temperatures and the etch-transfer process
being required to produce high transmittance components.
In addition, there are many variables in the resist melting
method which must be taken into account during photolithography, and melting-cooling cycles must be seriously
considered in order to determine numerical aperture. For
its part, the electrodeposition proposed by Sakurai et al. [8]
requires a conducting substrate, is relatively complicated,
and needs a very precise processing environment in terms
of such factors as current density homogeneity if surface
smoothness of optimal quality is to be attained; this method
is not suitable for integration with the CMOS process. Jeong
et al. [9] proposed the use of SU-8 photoresist to deﬁne lens
formation locations ahead of time, but since the lens material
must be applied using a pipette, this method cannot readily
be used in batch manufacturing. Wu et al. [10] relied on
mechanical processing of polystyrene ball lens focus light
to achieve tiny photoresist structures and then employed
reﬂow technology to produce microlenses; although this
method allowed relatively small lenses to be produced, it is
not suitable for application in processes requiring precise
alignment due to the fact that the ball lens could not be
precisely positioned.
Due to lower costs and good performance, the use of a
single aspheric lens has been considered in applications such
as inexpensive consumer cameras, laser diode collimation,
and coupling light into and out of optical ﬁbers. In addition,
a single aspheric lens has also been considered for use in
optical data storage systems because of its low aberration,
small size, high numerical aperture, and short focal length.
While aspheric surfaces can be made by polishing with a
small tool with a compliant surface that conforms to the
optical surface, precise control of the surface proﬁle and
quality is diﬃcult and results may vary as the tool wears.
Single-point diamond turning is an alternative process in
which a computer-controlled lathe uses a diamond tip to
directly cut the desired proﬁle into a piece of glass or
other optical material. Diamond turning is slow and has
limitations in terms of the materials on which it can be used
as well as the degree of surface accuracy and smoothness
attainable.
An electrostatic modulation is usually used in liquid
zoom lens fabrication. For example, Philips Inc. [2] proposed
the use of electrowetting of oil and water and applied the
electric ﬁeld while changing the contact angle of the oil and
water. This shapes the curvature of the lens to achieve the lens
proﬁle modulation or to refer the dielectric electrophoresis
methodology [11] on two diﬀerent dielectric materials, in
order to achieve microlens zoom eﬀects. In a dielectric
lens, under a gradient electric ﬁeld, the generated dielectric
force causes the dielectric liquid to be shaped towards the
region with the lowest electric ﬁeld strength. One distinct
advantage is that electrolysis, joule heating, and microbubble
formation often occurs in electrowetting lenses due to the
transportation of the free electric charges and the alternating
electric ﬁelds [12], but dielectric lenses do not possess these
problems; they require only a patterned electrode to generate
a gradient electric ﬁeld [13–15].
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This paper presents diﬀerent ideas for fabricating spherical and aspherical solid polymer lenses. In addition, this
paper discusses how the proﬁle of a spherical lens can be
modiﬁed so as to transform it into an aspherical lens through
the use of MEMS technology. The self-assembly, heating
for concentrating, and surface tension force are discussed
for the formation of spherical lenses. The hybrid gradient
electrostatic force and thermal energy in a dynamic ﬂuidic
are compared for the formation of aspherical lenses. This
paper mainly focuses on describing both the fabrication of
microlenses and the shaping of lens proﬁles.

2. Design Concepts of the Spherical or
Aspherical Lenses by Polymer Lens
This paper proposes three ideas concerning the design
and fabrication of microlenses employing the methods
of gathering-shrinking, self-assembly, thermal energy, and
surface tension. Proﬁle or optical tests are then performed
to verify our design.
2.1. Self-Assembly Process to Change the Focal Length of
Solid Spherical Lenses. Recently, several authors have proposed and demonstrated techniques for the fabrication of
microlenses using the hydrophilic/hydrophobic eﬀect [16].
This method can produce microlenses with a large area
and high coverage and can be applied to display backlight
or light-guide panel modules. However, the self-alignment
method using hydrophilic and hydrophobic eﬀects has a
drawback: the numerical aperture of a microlens formed on
a hydrophilic surface will be small due to the high surface
energy. As such, this paper proposes a novel method for utilizing self-assembly characteristics that can yield microlenses
with a high numerical aperture and high coverage.
2.1.1. Self-Assembly. This paper proposes a method of
using the hydrophilic/hydrophobic diﬀerence of surfaces to
produce microlenses by self-assembly, where the microlens
material consists of SU-8, the high-transmittance and highrefractive-index negative photoresist material. Because SU-8
has a much higher coeﬃcient of viscosity than AZ positive
photoresist and can readily produce relatively high aspect
ratio structures, it is very suitable for the production of
microlenses with a high numerical aperture.
The microlens fabrication process proposed in this paper
employs a self-alignment mechanism and consists of either
a ﬁxed focal length process (Figure 1(a)) or a variable
focal length process (Figure 1(b)). Both design types employ
hydrophilic/hydrophobic interface characteristics to form
areas with diﬀerent surface tension. When lens material is
applied, the material will tend to remain in hydrophilic zones
with high surface free energy. The goal of the variable focal
length process is to resolve the problem of excessively small
numerical aperture (NA) that occurs when the conventional
self-alignment method is employed.
After being heated to a temperature higher than its
boiling point, Teﬂon (DuPont, USA) has extremely stable
physical characteristics and cannot be readily removed or
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Figure 1: Schematic diagram of the self-assembly mechanism of the lens: (a) ﬁxed focal length and (b) variable focal length methods. Both
types of design employ hydrophilic/hydrophobic interface characteristics to form areas with diﬀerent surface tension. When lens material is
applied, the material will tend to remain in hydrophilic zones with high surface free energy. The goal of the variable focal length process is to
resolve the problem of excessively small numerical aperture (NA) that occurs when the conventional self-alignment method is employed.
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Figure 2: Schematic diagram of the principle of lens fabrication for a higher numerical aperture.

scraped oﬀ. Furthermore, Teﬂon has an extremely high
contact angle (implying low surface energy). Because of this,
Teﬂon is extremely suitable for the lift-oﬀ process, which
completes the deﬁnition of the Teﬂon hydrophobic zone.
The most direct method of judging the hydrophilic/hydrophobic characteristics of a surface is by examining the contact angle, which is correlated with surface
tension. The surface tension, which constantly tries to cause
the surface to contract, is represented by γ; surface tension
exists between the liquid, solid, and gas phases. Assume that
γLV is the surface tension between liquid and gas phases, γSV
is the surface tension between solid and gas phases, γSL is
the surface tension between solid and liquid phases, and θ is
the contact angle. These three forces are in a state of balance
when the system is stable: γSL − γSV + γLV · cos θ = 0,where
θ = cos−1

γSL − γSV
.
γLV

(1)

The relationship between the hydrophilic/hydrophobic
characteristics of diﬀerent surfaces and contact angles can be
clariﬁed by using θ = 90◦ as a dividing line: θ < 90◦ signiﬁes
a hydrophilic surface that is easily moistened by liquids and
adheres readily to solid surfaces, such as by forming a liquid
ﬁlm on a glass surface; θ > 90◦ signiﬁes a hydrophobic
surface that is not easily moistened by liquids and will not
adhere readily to solid surfaces; this phenomenon is known
as the lotus eﬀect. As a consequence, if a surface possesses
diﬀerent hydrophilic and hydrophobic zones, a liquid will
tend to remain in the hydrophilic zones. This is the principle
of self-assembly in microlens design.
2.1.2. Enhancing the Surface Energy at the Center. In the case
of speciﬁc hydrophilic/hydrophobic surfaces and microlens
materials, the surface energy diﬀerence will be ﬁxed. Because
of this, the numerical aperture of a microlens cannot change
unless the coeﬃcient of viscosity of the microlens materials or the area of the hydrophilic/hydrophobic interface
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Figure 3: Microspherical lens fabrication processes for higher
numerical aperture.

is changed, or a hydrophobic layer with an even lower
surface energy is used. As a consequence, in order to
eﬀectively integrate these technologies, this paper uses heat
treatment in microlens fabrication. Apart from inducing
the extremely small quantities of solvent in the optical
materials to volatilize and thereby cause the lens to shrink
(this is a relatively small eﬀect), heat treatment also
causes the hydrophilic zone (high surface energy) in the
center of the hydrophilic/hydrophobic interface pattern to
exhibit strong cohesion; this enables the use of multiple
hydrophilic/hydrophobic interfaces in the design of the
optical materials to achieve inward shrinking, which will
then increase numerical aperture (see the schematic diagram in Figure 2). This method does entail many design
considerations, however, such as (1) the ratio of the widths
of adjacent hydrophilic and hydrophobic zones; when the
hydrophilic zone is wide on the outside and narrow on the
inside, the hydrophobic zone will be ﬁxed and must be larger
than or equal to the smallest hydrophilic zone to ensure that
the thermal energy will overcome the constraining surface
tension of the hydrophobic layer, enabling the fabrication

Al
Glass

Figure 4: The gradient electrostatic ﬁeld modulation system 1
developed in this paper. This paper consequently modiﬁes the
electrode structure to design electrodes structurally similar to
Fresnel zone plate, which can be used to modify the shape of the lens
margin. The upper and lower electrodes both consisted of transparent ITO electrodes in this paper’s initial design. Nevertheless,
due to the approximately 2 mm distance between the upper and
lower electrodes, the excessively large depth of ﬁeld caused diﬃculty
in aligning the upper and lower electrodes. Because of this, the
upper electrodes were modiﬁed to include an SU-8 3010 insulating
layer (SU-8 has a dielectric coeﬃcient of approximately 3.28),
and Teﬂon was used on the aluminum lower electrodes to deﬁne
the hydrophilic/hydrophobic interface, inducing liquid droplets to
perform self-assembly; the Teﬂon also served as an insulating layer
(Teﬂon has a dielectric coeﬃcient of approximately 2.1–2.5). In
addition, the SU-8 3010 design formed hollow round concavities
with diﬀerent radii and width, which caused diﬀerent electric ﬁeld
eﬀects and gave the edge of the lens an aspherical proﬁle.

of lenses with high numerical apertures. (2) The smaller
the diameter, the harder it is to achieve shrinking, because
even more surface energy must be provided. Because this
experiment employed SU-8 as a lens material, heating to
the Tg point caused ﬂuidity to increase and the material to
shrink inward from the hydrophilic zone in the outermost
ring. While some of the solvent is volatilized during the
heating process, the surface tension of the shrinking lens still
overcome the volatilization eﬀect due to the fact that the lens
has a smaller diameter after shrinkage. This causes the overall
height of the microlens to increase (Figure 2), the numerical
aperture to increase, and the focal length f to shorten. If
the diameter of a lens is D and the height s, the radius of
curvature will be R = (s2 + D2/4)/2s and the focal length
f = R/(n − 1), where n is the index of refraction (for SU-8
n = 1.67), and the numerical aperture is NA = D/2 f .
2.1.3. Microspherical Lens Fabrication Processes. In order to
verify the concepts described above, a test was used for this
study which employed the following fabrication processes
and parameters.
(a) AZ9260 photoresist was spin-coated on a substrate at
2500 rpm for 30 sec., forming a layer with a thickness
of approximately 6 μm. The material was then softbaked at 100◦ C for 2 minutes (Figure 3(a)).
(b) An exposure and developing process was used to
produce a pattern opposite to that of the desired
Teﬂon pattern. The Teﬂon (with 0.66% FC43 thinner) was then evenly spun-coated at 3000 rpm for
30 sec. The material was then baked at 180◦ C for
9 min. (Figure 3(b)).
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(a)

(b)

Figure 5: (a) The unmodiﬁed lens proﬁle (b), the modiﬁed proﬁle [16].
ITO electrode
(electrostatic)

Spacer
SU-8
Teﬂon
Silicon nitride
Aluminum electrode
(electrowetting)
Glass

Figure 6: Schematic diagram of electrostatic force extension mechanism 2.

produced on the Teﬂon, the material remained on
the glass substrate bounded by Teﬂon, completing
the lens self-alignment process (the material will
remain in the outermost ring if there are many
hydrophilic/hydrophobic rings) (Figure 3(d)).

35
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Figure 7: Restoration of the Teﬂon contact angle after O2 plasma
treatment.

(c) The lift-oﬀ technique was used to remove the
photoresist, yielding the desired Teﬂon pattern
(Figure 3(c)).
(d) After the lens material SU-8 had ﬂowed across
the hydrophilic/hydrophobic pattern that had been

(e) Slow, multistaged heating can be employed if there
are many hydrophilic/hydrophobic rings. After heating to the material’s glass transition temperature
(Tg ), the temperature is then maintained at that
level. The heating increases the material’s energy,
allowing it to overcome Teﬂon’s surface free energy
constraints, and causes the lens material to shrink
inward. This shrinkage becomes more apparent after
time. Diﬀerent hydrophilic/hydrophobic patterns can
be used to produce diﬀerent lens proﬁles. This
completes the fabrication of a self-aligning microlens
with thermally modiﬁed focal length (Figure 3(e)).
2.2. Hybrid Aspherical Lens Produced Using Electrostatic Force.
The biggest diﬀerence between high-level aspherical lenses
and spherical lenses lies in the area close to the edge of
the lens aperture; because there is relatively little change in
the curvature near the on-axis of a spherical lens, spherical
aberration will not be signiﬁcant in this area. Nevertheless,
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Figure 8: (a) Optical microscope and (b) AFM measurements after FC-77 thinner has been applied to a structural surface. FC-77 (3 M,
USA) was originally used as a Teﬂon thinner at a concentration of 1%. The Teﬂon was spun-coated on a chip with a predeﬁned photoresist
pattern and dry-baked at 120◦ C for 10 min. However, because the saturated vapor pressure of the FC-77 thinner was relatively high (42 torr)
[17], it volatilized too rapidly during spin coating which resulted in a wrinkled surface.
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Figure 9: (a) Optical microscope and (b) AFM measurements after FC-43 thinner has been applied to a structural surface. FC-43 (3 M,
USA) was originally used as a Teﬂon thinner at a concentration of 1%. The Teﬂon was spun-coated on a chip with a predeﬁned photoresist
pattern, and dry-baked at 180◦ C. We could ﬁnd that no wrinkle surface is present on the Teﬂon surface.

because the curvature increases farther away from the lens
oﬀ-axis, spherical aberration will occur in this region. One
method of reducing spherical aberration is to reduce the
diﬀerence in the light path between rays of light near to and
distant from the lens axis.
This paper employs the diﬀerence in index of refraction
between a liquid polymer and an optical glass substrate
and uses adjustable electrodes to produce an electrostatic ﬁeld with a two-dimensional gradient, to produce
a hybrid aspherical lens. The design ﬁrst simulates the
hydrophilic/hydrophobic characteristics on diﬀerent glass

substrates and indices of refraction of the polymer SU83050 to obtain optimized parameters and then employs
an adjustable design involving self-positioning alignment
and parallel-plate electrodes to obtain a hybrid high-level
aspherical lens with an extremely large change in curvature.
This paper relies on the adjustment of parameters, such as
electrode size (Figure 4) and contact angle, to investigate how
aspherical lens proﬁle aﬀects (Figure 5) optical performance.
This paper consequently modiﬁes the electrode structure
to design electrodes structurally similar to Fresnel Zone Plate
(FZP), which can be used to modify the shape of the lens
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Figure 10: (a) Resultant hexagonal shape lens resulting after successful lift-oﬀ. (b) Photograph of a high-density hexagonal microlens array.
(c) SEM of the Micro lens with diﬀerent diameters (5 and 30 μm).
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Figure 11: Relationship between diﬀerent lens sizes and NA value.

margin. The upper and lower electrodes both consisted of
transparent ITO electrodes in this paper’s initial design, and
an oxidized layer served as the insulating layer, facilitating
alignment and avoiding lens eccentricity. Nevertheless, due
to the approximately 2 mm distance between the upper and
lower electrodes, the excessively large depth of ﬁeld caused
diﬃculty in aligning the upper and lower electrodes. Because
of this, the upper electrodes were modiﬁed to include an SU8 3010 insulating layer (SU-8 has a dielectric coeﬃcient of
approximately 3.28), and Teﬂon was used on the aluminum

lower electrodes to deﬁne the hydrophilic/hydrophobic
interface, inducing liquid droplets to perform self-assembly;
the Teﬂon also served as an insulating layer (Teﬂon has a
dielectric coeﬃcient of approximately 2.1–2.5). In addition,
the SU-8 3010 design formed hollow round concavities with
diﬀerent radii and width (Figure 4), which caused diﬀerent
electric ﬁeld eﬀects and gave the edge of the lens an aspherical
proﬁle.
The lower electrodes employ a lateral design to ensure
that the lines of electrostatic ﬁeld are not distributed
vertically. As a result, the gradient electrostatic ﬁeld is weak
in the center and only exerts control over the edge of the
lens. The surface tension still causes the surface of the lens
to form a smooth curve (Figure 5(a)). This paper assesses
the eﬀect of diﬀerent electrodes on optical performance,
including the lens hydrophilic/hydrophobic angle, focusing
ability, and light spot size.
The relationship between the electrostatic energy, electrostatic force, voltage, and distance is as follows [18]:




1 εxy
× V 2,
2 d


εxyV 2
dW
electrostatic forces FZ = −
.
=
dZ
2d2
the electrostatic energy W =

(2)
(3)

It can be seen from these two equations that the
electrostatic force is inversely proportional to the square of
the distance d, where x, y are the staggering length and
width of the upper and lower electrodes, and V is the applied
voltage. If modulation is implemented using electrodes that
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Figure 12: Micrograph of a multiring microlens and thickness measurements; relationship between size, NA value, and focal length (a)
before heat treatment; (b) after ﬁrst heat treatment; (c) after second heat treatment; (d) after third heat treatment; (e) relationship between
multiring Teﬂon pattern size and NA value; (f) relationship between multiring Teﬂon pattern size and focal length.
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(7) Etching of the aluminum: the etching ﬂuid consists
of H3 PO4 : HNO3 : CH3 COOH : H2 O = 4 : 1 : 4 : 1.
Etching is performed after heating to 50◦ C; etching
time is approximately 25–30 sec.

Volume
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2
1.5

(8) Application of another layer of AZ 9260 positive
photoresist (2500 rpm for 30 sec.) in order to deﬁne
the hydrophilic/hydrophobic interface.
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Figure 13: Change in volume of contracting microlens with
diﬀerent diameters.

are not specially designed, the closer the upper electrode to
the tip of the lens, the greater the charge that will accumulate
in the center of the lens, forming a pyramidal structure with
severe spherical aberration (Figure 5(b)).
The following explains how a gradient electrostatic force
induced by upper and lower electrodes was employed to
produce hybrid aspherical microlenses.
(i) Upper Electrode.
(1) Piranha (sulfuric acid: hydrogen peroxide =7 : 1) was
used to wash the glass substrate, which was then
heated (90◦ C, 10 minutes) using a hot plate.
(2) After sputter deposition ITO 1000 Å on the glass
substrate, the application of negative SU-8 3010
photoresist by spin coating at 3000 rpm for 30 sec.,
yielding a thickness of approximately 10 μm.
(3) Soft baking at 100◦ C for 2 min.
(4) Exposure with a dose of 130 mJ.
(5) After exposure, baking at 65◦ C for 1 min. and at 95◦ C
for 3 min.
(6) Developing with SU-8 developer for approximately
1 min. and 40 sec.

(9) Soft baking at 100◦ C for 2 min.
(10) Developing after exposure: to avoid dislocation in
the hydrophilic/hydrophobic interface deﬁned on the
Teﬂon from causing an asymmetrical structure, the
alignment precision must be less than the acceptable
surface eccentricity.
(11) Developing with AZ : H2 O = 1 : 2 for approximately
6–8 min.
(12) Application of Teﬂon (Teﬂon FC 43, 0.66%) at
3000 rpm for 30 sec.
(13) Hard baking at 120◦ C for 10 min.
(14) Use of acetone to lift oﬀ the AZ 9260; time is
approximately 1 min.
The microlens fabrication process begins after the electrodes have been produced. In this paper, the volume
under the curve is integrated to obtain the optimal lens
volume. Two lower electrode sizes were designed in this
paper; the electrodes had diameters of 0.91 mm and 0.8 mm,
respectively. It can be seen from (3) that the electrostatic
force is directly proportional to the square of the voltage
and is inversely proportional to the distance between the
electrodes. Diﬀerent electrode designs were employed to
investigate the lens proﬁle after modulation. Figure 6 is a
schematic diagram of the extension of the gradient electrostatic force 2. Process testing was based on a spherical lens
with the foregoing multiple ring electrodes, and modulation
employing electrostatic force was used to create aspherical
lenses. The optical quality of the aspherical lenses was then
tested and a comparison made with the aspherical lenses
created employing single-ring electrodes.

This completes the upper electrode pattern.
(ii) Lower Electrode.
(1) Deposition of a 3000 Å layer of aluminum on the
glass substrate using an electron gun vapor deposition machine.
(2) Application of positive photoresist AZ 5214 (spin
coating at 3000 rpm for 30 sec.).
(3) Soft baking at 100◦ C for 1 min.
(4) Exposure and baking at 100◦ C for 1 min.
(5) Exposure to ten times the dose, completing the
positive to negative conversion process.
(6) AZ developer: H2 O = 1 : 2, developing time approximately 45 sec. Because the AZ photoresist is used
to protect the aluminum electrodes, overdeveloping
should be avoided.

3. Experimental Results
3.1. Method 1: Spherical Microlens. Because diﬀerence in
surface hydrophilicity and hydrophobicity is used to produce microlenses in this paper, Teﬂon (contact angle of
approximately 120◦ ) and a glass substrate (contact angle
of approximately 10◦ ) are used because of the extreme
diﬀerence in their contact angle. Unlike photoresist, a Teﬂon
pattern cannot be produced directly using microimaging;
therefore an indirect method consisting of etching and
developing had to be used.
A reactive ion etching (RIE) machine was used in this
experiment to produce a Teﬂon pattern via dry etching.
When dry etching was used, the pattern could be very
precisely converted from photoresist to Teﬂon. However,
because of the excellent hydrophobicity of Teﬂon, photoresist
could not be directly coated on the Teﬂon surface. Because
of this, a low-power (75 W, 15 sec.) O2 plasma was applied
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Figure 14: Showing the design radii, the resulting lens, spot diagram, spot size, beam proﬁler, and contact angle of the lenses.
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Figure 15: Schematic diagram of the upper electrode design.

to the surface as a hydrophilic treatment, allowing the AZ
5214 photoresist to be spun-coated on the Teﬂon. After soft
baking, exposure, developing, and hard baking, a high-power
(200 W, 200 sec.) O2 plasma was used to perform etching.
Although this method can be used to produce a desired

pattern on Teﬂon, the relatively good hydrophilicity of the
Teﬂon surface after O2 plasma surface treatment is unfavorable for lens shaping. Furthermore, the hydrophilicity
is maintained for too long a time (Figure 7),which makes
this method inappropriate for batch-type manufacturing.
Figure 7 shows the contact angle at about 30◦ after seven
days.
Another method is to use the lift-oﬀ technique to deﬁne
the hydrophilic/hydrophobic interface. FC-77 (3M, USA)
was originally used as a Teﬂon thinner at a concentration
of 1%. The Teﬂon was spun-coated on a chip with a
predeﬁned photoresist pattern and dry-baked at 120◦ C for
10 min. However, because the saturated vapor pressure of
the FC-77 thinner was relatively high (42 torr) [17], it
volatilized too rapidly during spin coating which resulted
in a wrinkled surface (Figure 8). As a consequence, the
thinner FC-43 was used instead because of its relatively
low saturated vapor pressure of 1.3 torr [17], which is only
one-thirtieth that of FC-77. The switch to FC-43 brought
about a clear improvement in the surface, which no longer
had any visible spin coating marks (Figure 9). Nevertheless,
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Figure 16: Relationship between contact angle, NA, and light spot size after the experiment.

due to its relatively high boiling point of 174◦ C (FC-77 has
a boiling point of 97◦ C), FC-43 needed to be dry-baked
at 180◦ C, after which acetone and Aleg-310 were used to
remove the photoresist. Figures 10(a) and 10(b) show a highdensity hexagonal microlens array produced successfully in
this paper. Figure 10(c) shows the SEM of the microlens with
diﬀerent diameters (5 and 30 μm). When testing for diﬀerent
lens diameter, we could get the relationship between diﬀerent
lens sizes and NA in Figure 11.
With the addition of a suitable amount of thermal energy
to the multiring variable focus lenses produced in this paper,
the lens can be shrunk from the 500 μm diameter of the
outermost ring to the 250 μm diameter of the innermost ring.
Figure 12 shows a micrograph of a lens and the results of lens
proﬁle measurements. Here Figure 12(a) shows a microlens
that has not yet undergone heat treatment; the SU-8 remains
in the hydrophilic zone of the outermost ring, the lens
diameter is 508.66 μm, and its height is 17.6 μm. Figure 12(b)
shows a lens after the ﬁrst heat treatment; the lens diameter
shrank to 416.76 μm, and its height increased to 29.9 μm.
Figure 12(c) shows a lens after the second heat treatment;
the lens diameter continued to shrink to 350.28 μm, and its
height increased to 36.5 μm. Figure 12(d) shows a lens after
the third heat treatment; the lens diameter further shrunk
to 254.47 μm, and its height increased to 56.7 μm. The
decreasing diameter of the lens causes its height to increase,
which also increases its NA and shortens the focal length. The
foregoing equation reveals that the relationship between the
NA, focal length, and lens size before and after heat treatment
is as shown in Figures 12(e) and 12(f). The lens’s NA has
increased from 0.1 to 0.5, while its focal length has decreased
from 2.5 mm to 0.3 mm. The change in SU-8 lens volume
before and after heat treatment reveals the volatilization of
solvent. Volume can be estimated using the equation V cap =
πs2 ((3R − s)/3), and the volume change correlation is as
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Figure 17: Lens proﬁle curve for diﬀerent contact angles.

shown in Figure 13. The foregoing experiment reveals that
a hydrophilic/hydrophobic multiple-interface design can
eﬀectively resolve the problem of insuﬃcient NA caused by
lens material and lens size. By employing this design, when
the original lens is relatively small, the problem of surface
free energy shifts from the horizontal direction to the vertical
direction, making it diﬃcult to achieve a variable focus.
3.2. Method 2: Aspherical Microlens. This paper then investigates the relationship between contact angle and focal light
spot size for the diﬀerent contact angles obtained when the
electrode distance and voltage are ﬁxed, the lens volume is
ﬁxed, and the radii of the multiring electrodes are varied.
Figure 14 shows the design radii, the resulting lens, spot
diagram, spot size, beam proﬁler, and contact angle.
Case 1 (Changing the lower multiring electrode radius
(mechanism 2)). It can be seen from the foregoing optical
testing results (Figure 14) that, although varying the multiple
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Figure 18: Shows the spot size and light energy distribution after modulation.

electrodes can indeed change the lens’s contact angle to
within a range of 69–83◦ , the light spot size is always
around 0.75–0.9 μm when multiple electrode modulation
is employed. It can be inferred from these experimental
results that this multiring electrode design chieﬂy changes
the curvature near the lens axis, but does not change the lens
proﬁle near the edge of its aperture. Because of this, spherical
aberration near the edge cannot be eﬀectively corrected, and
the light spot cannot be shrunk.
Case 2 (Changing the upper multiring electrode radius
(mechanism 1)). This paper also investigates the relationship between contact angle and focal light spot size for
the diﬀerent contact angles obtained when the electrode
distance and voltage are ﬁxed, the lens diameter is ﬁxed, and
the lens volume is varied. The parameters employed here

include an upper electrode ITO outer diameter of 0.8 mm,
a lens outer diameter (ITO inner diameter) of 0.1 mm
(Figure 15), a distance ﬁxed at 2 mm (1.5 ± 0.2 mm), a voltage
of 4000 V, and a volume varying from 0.2 μL to 0.45 μL.
The minimum light spot size was approximately 0.62 μm
(λ = 632.8 nm), the rear focal length was roughly 0.24 mm,
and the contact angle was approximately 59◦ . These results
show that the larger the contact angle, the greater the oﬀaxis spherical aberration, and consequently the larger the
light spot. The hydrophilic/hydrophobic angle and the NA
are directly proportional and are inversely proportional with
the rear focal length (Figure 16). In accordance with the
experimental results for lenses with diﬀerent contact angles,
the proﬁle ﬁts the relation curve shown in Figure 17. The
foregoing results indicate that correcting oﬀ-axis spherical
aberration requires achieving a smaller contact angle, which
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Table 1: The comparison of lens speciﬁcations in relevant literature.

Reference

Lens type

Tuning concept

D (mm)

n

f

[18]

Plane-convex

Electrostatic force

1.4 mm

1.67 (SU-8)

1.525 mm

[19]

Hybrid aspheric
lens

0.92 mm

1.53 (BK7); 1.58
(NOA-63)

0.385 mm

0.504 um (for 405 nm)

[20]

Biconvex

Hybrid,
electrostatic force
Thermal energy,
electrostatic force

1.14 mm

1.53 (COC)

4.97 mm

0.588 um (for 405 nm)

[21]

Polymer
Plane-convex

1 mm

1.53 (COC)

X

0.98 um (for 405 nm)

Hot embossing

requires a stronger electrostatic ﬁeld around the lens margin
and a weaker electrostatic ﬁeld in the center of the lens.
Case 3 (Modulating the outside electrode—aluminum electrodes have no deﬁned hydrophilic/hydrophobic interface).
It can be seen from Case 2 that oﬀ-axis aberration can
be reduced by changing the magnitude of the marginal
oﬀ-axis electrostatic ﬁeld and reducing the contact angle.
Experimental test results are shown in Figure 18.The results
of light spot testing show that when contact angle is reduced
to roughly 50◦ , the oﬀ-axis spherical aberration can be
lessened and the light spot shrunk to around 0.5265 microns,
which is close to the light spot size of the aspherical
lenses used in commercial DVD players. Please refer to
[17–21] concerning other shaping methods or the use of
other materials such as COC and NOA in conjunction with
electrostatic force to produce aspherical lenses. This paper
provides the comparison of lens speciﬁcations in relevant
literature shown in Table 1.

4. Conclusions
This paper presents many new micro-optoﬂuidic polymer
solid lens fabrication methods that are capable of achieving
the desired proﬁle, focal length, numerical aperture, and
spot size through the utilization of MEMS technology. The
resulting polymer solid lenses have spherical or aspherical
shapes. The method of fabricating polymer solid lenses is
diﬀerent from methods used to fabricate tunable lenses with
variable focal length or needing an external control system
to change the lens geometry. In this paper, we focus on
the use of thermal energy and electrostatic force to shape
lens proﬁles, including both spherical and aspherical lenses.
Furthermore, this paper also discusses how to achieve a lens
with a high numerical aperture of 0.6 by means of MEMS.
The polymer used in this study, SU8-3050, has high
transmittance in the blue light waveband (λ = 405 nm), and
the resulting curvature change in aspherical lenses is C =
0.3−1.5 (L/mm). The use of electrodes with diﬀerent designs
can also produce many types of conical curves.
As far as optical characteristics are concerned, the
smallest light spot measured for a micro-aspherical lens
was approximately 0.62 μm (λ = 632.28 nm), and the rear
focal length was 0.24 mm. In the blue light (λ = 405 nm)
waveband, the smallest measured light spot is approximately
0.56 μm, and the rear focal length is roughly 0.38 mm; these

Spot size
0.778 um (for
632.8 nm)

values are all close to the requirement for blue light DVD
players.
Although the MEMS techniques discussed in this paper
are not currently able to fully meet the requirements
of existing optical systems, as higher density DVDs are
developed in the future, there will be much greater need for
precision lenses. Since the methods presented in this paper
can provide a high degree of precision, they may be employed
to make lenses for pickup heads in the near future.
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This paper reports on an optoelectroﬂuidic platform which consists of the organic photoconductive material, titanium oxide
phthalocyanine (TiOPc), and the photocrosslinkable polymer, poly (ethylene glycol) diacrylate (PEGDA). TiOPc simpliﬁes the
fabrication process of the optoelectronic chip due to requiring only a single spin-coating step. PEGDA is applied to embed the
moldless PEGDA-based microchannel between the top ITO glass and the bottom TiOPc substrate. A real-time control interface
via a touch panel screen is utilized to select the target 15 μm polystyrene particles. When the microparticles ﬂow to an illuminating
light bar, which is oblique to the microﬂuidic ﬂow path, the lateral driving force diverts the microparticles. Two light patterns,
the switching oblique light bar and the optoelectronic ladder phenomenon, are designed to demonstrate the features. This work
integrating the new material design, TiOPc and PEGDA, and the ability of mobile microparticle manipulation demonstrates the
potential of optoelectronic approach.

1. Introduction
The microparticle manipulation by using either optical forces or electrokinetics has been getting important and popular, especially in ﬁelds like lab-on-a-chip. The former utilize
a laser beam to trap microparticles toward the focal point.
The invention of optical tweezers [1–3] and the various development of the holographic optical tweezers [4, 5] have
established a convenient platform to manipulate either single
or multimicroparticles. However, the requirement of high
N.A. value lens in optical tweezers to perform a high
focal laser beam highly reduces the working distance and
constrains the application [6, 7]. The latter such as dielectrophoresis (DEP) induces microparticle polarized in a nonuniform electric ﬁeld to either attract or repel toward the
ﬁeld maximum or minimum [8, 9]. General methods to
generate nonuniform electric ﬁeld are to fabricate metal electrodes on the glass substrate. The ﬁxed metal pattern limits
the ﬂexiblity to manipulate microparticle. Recently, Chiou
et al. integrated the optical ﬂexibility and the electronic approach to present optoelectronic tweezers (OETs) [10]. Its

various applications have been applied in biological ﬁeld
[11].
Photoconductive material is a key character of the OET.
The amorphous silicon (a-Si) is usually fabricated on an ITO
glass to prevent the charges [12]. While the light pattern
with proper absorbing wavelength is projected onto the a-Si
layer, the resistance within the illumination region is reduced
and the charges transport through the a-Si layer to form a
virtual electrode. Due to the ﬂexibility of light pattern, the
nonuniform electric ﬁeld induced by illuminating method
is able to manipulate the microparticle within the region
which the light can cover. Polystyrene particles [10, 13], biological sample [10, 11, 13–15] DNA [16, 17], and other microparticles [18–21] are able to be manipulated by this optoelectronic approach.
The micromolding approach of photocrosslinkable polymers has been widely applied in cells patterning and threedimensional artiﬁcial tissue [22–25]. The structure of photolithographically patterned poly(ethylene glycol) diacrylate
(PEGDA) enables to fabricate microwell array [26, 27],
cultures cells inside hydrogels [28], and forms cell-laden

2

Advances in OptoElectronics

microgels for the fabrication of 3D tissue constructs [29].
The high-resolution feature of photolithographically patterned PEGDA hydrogel has been also applied to photoresistbased patterns [30] as master molds for generating
poly(dimethylsiloxane), PDMS, microstructures [31]. Comparing to the methods of turning the PDMS microﬂuidics
from PEGDA-based mold, here we present the approach of
fabricating the microchannel which is directly embedded
into the optoelectroﬂuidic chip.
Polymer-based and organic material OET devices have
been reported [32, 33]. Herein, we use the simpliﬁed fabrication process with the photoconductive material, titanium
oxide phthalocyanine (TiOPc), to fabricate our optoelectroﬂuidic chip. Comparing with a-Si deposition process, a single
spin-coating step is able to ﬁnish the fabrication of our
TiOPc-based OET chip. We also demonstrate the PEGDA
microchannel used for pumping and injecting the medium
containing polystyrene particles. This integration providing
a tunable and constant liquid ﬂow velocity promotes the
optoelectronic technology as a optoelectroﬂuidic platform
for the microparticle manipulation. By utilizing dynamic
optical images to generate the light-induced DEP force, this
plateform demonstrates the feature of microparticle selection
which can be done by the design of either the switching
oblique light bar or the ﬁxed slanting in-parallel light bars.

2. Principle of TiOPc-Based Light-Induced
Dielectrophoresis Chip
DEP was investigated by H. A. Pohl (1951), who performed
the early signiﬁcant experiments with the small plastic microparticles suspended in insulating dielectric liquid and
found that they could be driven in response to the application
of a nonuniform electric ﬁeld [34, 35]. This phenomenon has
been applied to manipulate the microparticles such as virus,
bacteria, neurons, and limited cells in microﬂuidics [36].
The time-averaged DEP force, FDEP , acting on a spherical
microparticle of radius r suspended in the insulating medium of relative permittivity εm is given by
2
FDEP = 2πr 3 εm Re fCM (ω) ∇Erms
.

(1)

2 is the root mean square of the ac electric ﬁeld, and
Here, Erms
fCM (ω) is the Clausius-Mossotti factor [36, 37].
In our PEGDA-based optoelectroﬂuidic platform, the
microparticles are suspended in the insulating medium and
sandwiched between the top indium tin oxide (ITO) conductive glass and the bottom photoconductive layer substrate.
The feature of photoconductivity is that its conductivity can
be enhanced when the suitable wavelength light illuminates
on it. In the illumination region, the charges transport the
conductivity layer and assemble on its surface to form a virtual electrode. The size of virtual electrode on the photoconductivity surface is much smaller than the top ITO
plane, relatively. Therefore, the electric ﬁeld intensity within
the illumination region is the maxima, while ac voltage is
applied between the top and the bottom ITO glasses. The
microparticle experiences either the positive DEP force attracting toward the light pattern or the negative DEP force

repelling toward the nonilluminated region. In this paper,
the microparticles, polystyrene beads, always experience the
negative DEP force [13] under our operation condition
setup.

3. Chip Fabrication
The general method to fabricate microﬂuidic channel takes
the advantage of convenience of polydimethylsiloxane(PDMS-) based microstructure. Utilizing standard photolithography process to fabricate SU-8 negative photoresist on
the silicon substrate and turning the case mold with PDMS
are widely used to form the designed microchannels. It is a
convenient approach for a microchannel with any complex
component. However, for our optoelectroﬂuidic platform
with the top ITO glass and the bottom TiOPc substrate,
a thin PDMS ﬁlm is easy to remain on the top ITO glass
above the microchannel. That would limit the electric ﬁeld
distribution within the microchannel.
The oxygen plasma treatment would help the bonding of
the PDMS surface and the glass substrate, but the conductivity of indium oxide layer on the glass plane would reduce the
bonding force between itself and PDMS surface. Therefore,
PDMS microchannel is not the ﬁrst choice for our light-induced dielectrophoresis chip.
This research integrates the OET system and the microchannel structure. Professor Lee’s group utilizes a light
bar switch to select the polystyrene beads of speciﬁc diameter
into the desired channel [38]. Professor Wu’s group uses the
dynamic nonuniform electric ﬁeld to induce the cells electroporation and get the ﬂuorescent tags through the membrane into the cell [39]. Both of them utilize positive photoresist SU-8 to fabricate the microchannels. Besides, the
latter applies the UV-curable epoxy to seal the SU8 microchannel. Although the SU-8 provides a convenient way
to guide the liquid ﬂow on a-Si-based OET chip, it is not the
good choice for our organic photoconductive TiOPc-based
chip. The hardened TiOPc layer would be dissolved in the
alcoholic solution. Besides, the solvent to develop the SU8 structure on TiOPc surface would also destroy the TiOPc
characters. TiOPc would be washed out by these two organic
solutions. Therefore, we develop the PEGDA material to
fabricate the microchannel in this research. Besides, it is
much convenient to fabricate PEGDA-based microchannels
because there is no need to make the mold ﬁrst. Moreover,
there are usually three PDMS walls for the PDMS channel,
two sides and one top cover. The PEGDA-based channel only
has two side PEGDA walls. It keeps the features of the top
ITO glass and the bottom substrates. This is suitable for our
TiOPc-based optoelectronic chip.
The schematic of the process to fabricate the moldless
PEGDA-based microchannel on the TiOPc-based optoelectroﬂuidic chip is shown in Figure 1. The TiOPc liquid is
dropped on a 3 cm × 8 cm ITO glass substrate. The thin
TiOPc layer of about 500 nm is spin coated at 1000 rpm for
10 sec (Figures 1(a) and 1(b)). After baking at 130◦ C for
30 min to remove the organic solvent and harden the photoconductivity structure, the thin TiOPc layer stays stable for
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(a)
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(b)

TiOPc layer
PEGDA-based channel

Figure 2: The moldless PEGDA-based optoelectroﬂuidic chip
prototype. The overlapping area of TiOPc layer and PEGDA-based
channel is the working region.

(c)

(d)

The moldless PEGDA-based optoelectroﬂuidic chip prototype is shown in Figure 2. The TiOPc layer is spincoated
on the bottom ITO glass. Inlet and outlet holes are drilled
on the top ITO glass. Before the UV light exposure, the four
square spacers of 60 μm height are placed at the corners
of the exposure region. The prepared PEGDA solution is
sandwiched between bottom and top ITO glasses. After photocrosslinking of UV light illuminating, the microchannel is
formed between the two ITO glasses.

(e)

UV

(f)

Inlet

Outlet

4. The Operation System Setup for the TiOPcBased Light-Induced Dielectrophoresis Chip
a.c.
PEGDA

TiOPc
ITO
(g)

Figure 1: Fabrication process of the TiOPc-based light-induced
DEP chip and the moldless PEGDA-based microchannel.

months on the ITO glass surface under normal operation
(Figure 1(c)). Because our operation area is about 3 cm ×
8 cm, the ethanol-water solution (70 : 30) is utilized to wipe
out the unused area and remain the suitable operation area
of TiOPc surface (Figure 1(d)). The PEGDA prepolymer solution, which is prepared by mixing 5 mL of PEGDA (MW
258 Da, 99%) with 150 mg of 2,2-dimethoxy-2-phenyl-acetophenone (DMPA, 99%) photoinitiator, is sandwiched
between the top ITO glass and the bottom TiOPc-coated substrate (Figure 1(e)). The UV light of 350∼500 nm wavelength
illuminates on the chip for several seconds (Figure 1(f)).
After photocrosslinking, microchannel is developed by utilizing DD-water to remove the noncrosslinked prepolymer
and dried with N2 blowing. Finally, the chip is placed on the
hotplate at 40◦ C for 30 min to remove the water vapour and
harden the PEGDA-based microstructure.

The optoelectroﬂuidic platform consists of three parts, the
optical system, the optoelectronic chip, and the liquid pumping setup. The light source is provided by a Philips UHP
mercury lamp and concentrated as a straight beam when it
passes through a pair of focusing lenses, an optical alignment.
The light illuminates on a digital micromirror display (DMD,
with a spatial resolution of 1024 × 768 pixels). The pattern
of micromirror is controlled by a touch-panel device, MSI
AE 2000, and the manipulation interface is programmed by
using Flash software (Adobe Systems Co., Ltd.). After the illuminating light reﬂects from the DMD surface, the light pattern is formed as the designed pattern on the controlled surface. A pair of focus lenses, which consist of two lenses with
200 and 10 mm focal lengths respectively, are utilized to
concentrate the pattern size as 1/20 times and project the
light pattern onto the TiOPc surface. The chip is placed on
an XYZ translation stage for tuning the projected image. A
function generator (33120A, Agilent) is used to provide the
out-of-phase ac voltage required for the DEP operation on
the optoelectroﬂuidic platforms. A syringe pump (SP230IW,
WPI, Fl., USA) is utilized to pump and regulate the
ﬂow streams containing with the microparticles polystyrene
beads. The motion of microparticles manipulated by light
image is captured and recorded by a 10x object lens and
a digital CCD camera connecting to a desktop computer
(Figure 3).
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Figure 3: Schematic diagram of the optoelectroﬂuidic system.
The optical system, the optoelectroﬂuidic platform, and the liquid
driving pump are three main parts.

5. PEG-Based Microchannel
Here, we design the T junction pattern for the PEGDAbased microchannel. The channel width in Figures 4(a) and
4(b) is 100 μm and 300 μm, respectively, for two diﬀerent
microchannel designs. Before UV light illuminating, the
PEGDA solution of about 50 μl is sandwiched between the
top and the bottom glasses. After 7 seconds of UV photopolymerization process, the microchannel is fabricated
and exhibits a good optical transparency and robust package. The DMPA ratio in PEGDA solution determines the
exposure time and the later microstructure expansion. The
diﬀraction inﬂuence of UV illuminating is a signiﬁcant phenomenon when the PEGDA solution is exposed. According
to our experimental results, we could easily fabricate the
microchannel of about 100 μm width.

6. Optical Virtual-Electrode Switch for
Microparticle Selection
When the light pattern is projected on the photoconductivity
material, the conductivity is reduced, and the charges transport to the TiOPc layer to form a virtual electrode, on its
surface. Microparticles would be either attracted toward the
light pattern due to the positive DEP force or repelled to
the nonilluminated region due to the negative DEP force. If
the microﬂuidics system is integrated with this DEP operation, the microparticle would experience liquid driving
force dominated by the liquid ﬂow. This integration of
microﬂuidics and light-induced DEP increases the operation
ﬂexibility.
Here, we combine the convenience of light-driven operation with the feature of moldless PEGDA-based microﬂuidics
channel to develop the optical virtual switch approach for

300 μm
(b)

Figure 4: T junction of PEGDA-based microchannel. (a) 100 μm
wide microchannel and (b) 300 μm wide microchannel.

microparticle selection as shown in Figure 4(a). The light
pattern projected on the TiOPc surface has two diﬀerent
functional regions, alignment part and virtual switch part.
The liquid ﬂows rightward in the PEGDA-based microchannel containing with the dispersedly suspended microparticles. In order to arrange the microparticle as a line one
by one, the light pattern with the funnel-like geometry is
designed for the entrance guiding. When the microparticle
reaches the edge of light pattern, it experiences a repelling
force (negative DEP) toward nonilluminated region. In
Figure 5(a), the direction of ﬂow-driving force is rightward,
and the direction of OET force is in the upper left. These two
forces dominate the net force, FNet , which is in the direction
of the up right at the entrance of the switch. Then, the
microparticle is able to be selected into the speciﬁc
downstream pathway based on our virtual switch command.
The upper channel and down channel are two ﬂash models,
as shown in Figures 5(c) and 5(d), to guide the microparticle
into diﬀerent pathway. The polystyrene bead experiences
negative DEP force and only moves within the minimum
electric ﬁeld region which is the nonilluminated region on
the TiOPc surface. To preverify the DEP eﬀect induced by the
light pattern for predicting the trajectory of moving microparticles, a commercial ﬁnite element software CFD-ACE+
(CFDRC, Huntsville, Ala) is utilized to simulate the steadystate electric ﬁeld, which dominates the DEP force to drive
the mobile microparticles. Figure 5(b) shows the simulation
result of electric ﬁeld distribution, E square, on the chip.
The illumination region has the large electric ﬁeld, and the
nonilluminated region provides the minimum electric ﬁeld
for polystyrene bead. The negative DEP force guides the bead
at the nonilluminated region, and the liquid ﬂow drives it to
move rightward as the black-dotted line shown in
Figure 5(b). This research work integrates touch panel for the
convenient and intuitive microparticle manipulation. The
real-time controlling interface is programmed by using Flash
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Figure 5: (a) Optical virtual-electrode switch. (b) Numerical
simulation of the virtual-electrode switch. (c) The upperchannel
model and (d) downchannel model light image on the touch panel
for control interface. The black shape is the ﬁnger for triggering the
model switch.

software. The light pattern switch between upper-channel
and down-channel models is triggered by the functional
triangle image shown in Figures 5(c) and 5(d). The touch
panel screen and the feature of Flash software provide a
user-friendly interface. We switch the light image of diﬀerent
modes on the TiOPc surface by the ﬁnger shown in Figures
5(c) and 5(d). As a mobile microparticle moving from the
entrance, we can select the microparticle to move in the desired downstream pathway by the simple ﬁnger operation.
The selection process of microparticles based on the
optical virtual-electrode switch is demonstrated and recorded as shown in Figures 6(a)–6(f). The diﬀerent color
arrows/dotted circles indicate the moving path of the
individual bead in the microchannel. The microparticles are
arranged one by one toward the entrance by the funnelshape light pattern, which generates negative DEP force. The
microparticle enters the selection region with a characterized
velocity of 100 μm/s. When the light pattern is in upperchannel model, the polystyrene bead will be guided to the
upper pathway.
When the light pattern is in down-channel model, the
polystyrene bead will be guided to the lower pathway. The
light pattern mode is switched from the under-channel
model to the down-channel mode by touching the triangle

t = 17 s
(f)

Figure 6: (a)–(f) The microparticle selection process. The
microparticles with the velocity of 100 μm/s are selected toward
diﬀerent downstream channel by our designed light pattern.

on the touch panel screen to trigger operation mode switch.
Figures 6(a)–6(f) demonstrate the switch and selection
process for diﬀerent microparticles. The beads indicated by
yellow, black, and orange colors are arranged in order to the
entrance and selected to diﬀerent desired channels. These
processes demonstrate that utilizing light pattern projecting
onto the TiOPc chip to select desired mobile polystyrene
bead provides a convenient platform for microparticle selection.

7. Optoelectronic Ladder Effect for
Microparticle Sorting
Optoelectronic ladder eﬀect is another application utilizing
the virtual electrode to sort mobile microparticles. As a lineshape light pattern projected onto the TiOPc chip surface,
a virtual electrode like a line is formed on the TiOPC surface, and a nonuniform electric ﬁeld is generated in space.
When a moving microparticle encounters this electric ﬁeld,
it would experience an either attracting or repelling DEP
force. The force from liquid ﬂow, FFlow , drives the microparticle rightward. The second force, FOET , acting on the microparticle is provided from the nonuniform electric ﬁeld with
the DEP direction perpendicular to the linear light pattern.
The net force, FNet , as illustrated in Figure 6(a) drives the
microparticle toward the right-up direction along the virtual
electrode, the linear light bar. Because the electric ﬁeld distribution of the nonuniform electric ﬁeld is three dimensions
as shown in Figure 7, the microparticle is elevated to stride
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of microparticle along the microchannel. The lateral displacement
is enlarged by a series of DEP forces generated due to TiOPc-based
light-induced dielectrophoresis. The time interval of each image is
0.5 sec. (h) The light image projected on the TiOPc surface.
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Figure 8: Electric ﬁeld simulation for the optoelectronic ladder
eﬀect induced by the in-parallel slanting light bars. (a) Side view
and (b) top view of the induced electric ﬁeld distribution.

across the virtual electrode like climbing a mountain. As it
passes and falls down to the TiOPc surface and keeps moving,
this process generates a lateral displacement between the
original and ﬁnal moving directions.
Utilizing a series of slanting linear light image to generate three-dimensional nonuniform electric ﬁeld for the
lateral displacement of microparticles is the concept of our
optoelectronic ladder eﬀect. When a microparticle passes one
light image, the microparticle particle has a one-step lateral
displacement, L, between the original and the ﬁnal moving
direction. Several slanting linear light bars in parallel would
enlarge these lateral displacements. The trace of the microparticle crossing over these series of in-parallel light images
is just like a ladder. Figure 8(a) shows the simulation of

electric ﬁeld distribution for a series of slanting light-bar
pattern, which is utilized to enlarge the lateral displacement
of the microparticle. Figure 8(b) illustrates the moving trajectory of the microparticle when it passes the in-parallel
slanting light-bar pattern. As the ﬂow velocities are 520 μm/s,
260 μm/s, and 150 μm/s, the average lateral displacements
of microparticles crossing the slating light bar are 5.2 μm,
8.1 μm, and 11.9 μm, respectively. The distance of lateral displacement could be assigned and tuned via the ﬂow velocity.
The experimental recording for the trajectory of the
moving microparticle experiencing the nonuniform electric
ﬁeld is shown in Figure 9(a)–9(g). Figure 9(h) is the light
pattern projected on the TiOPc surface. The front part with
the shape similar to a funnel is utilized to line up the microparticles to enter the entrance. While the microparticle moving rightward encounters the slanting light-bar image, the
negative DEP force would push it upward to make a lateral
distance between the original and the ﬁnal direction. The red
arrow/dotted circle indicates the microparticle position. The
more slanting light bars more the microparticle passes, the
more lateral displacement would be enlarged.
The microparticle lateral displacement is dominated by
the TiOPc-based light-induced DEP force and the liquid ﬂow
driving force. Therefore, the tuning of the liquid ﬂow would
also inﬂuence the lateral displacement of the microparticle.
The relationship between the lateral displacement and the
ﬂow velocity is characterized and shown in Figure 10. The
time of the microparticle moving from TiOPc surface to
the DEP-force-constrained height in the nonuniform electric
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ﬁeld determines the lateral displacement. If the microparticle
spends more time climbing the mountain-shape nonuniform
electric ﬁeld, the net force, Fnet , has more time to act on it
to generalize the larger lateral displacement. A mobile microparticle with the slow velocity would have a large lateral
displacement. After passing seven slanting light bars, a microparticle with 520 μm/s velocity has only 40 μm lateral displacement. For a slow velocity, 150 μm/s, its lateral displacement is 90 μm.

8. Conclusions
We report the development of the moldless PEGDA-based
optoelectroﬂuidic platform for the demonstration of microparticle selection. The negative DEP force is induced by the
virtual electrode which is formed due to the illuminating
light pattern. The application of the organic photoconductivity material, TiOPc, simpliﬁes the chip fabrication process.
PEGDA-based microchannel is embedded onto the TiOPc
layer to provide the required liquid ﬂow. The target mobile
microparticle is able to be selected by the virtual switch.
The diﬀerent lateral displacements of a moving polystyrene
particle encountering a series of slanting light bars under
distinct ﬂow velocity are measured. With this integration,
this optoelectroﬂuidic platform provides a suitable approach
to fabricate a microﬂuidic system on the TiOPc-based OET
chip and to supply a functional manipulation of microparticle under the continuous ﬂow.
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