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The authors propose an optofluidic maskless lithography technique that can dynamically synthesize
free-floating polymeric microstructures inside microfluidic channels by selectively polymerizing
photocurable resin with high-speed two-dimensional spatial light modulators. The combination of
programable optical projection and microfluidic devices allows one to precisely control the timing
and location of the photopolymerization process for microstructure fabrication. Real-time
generation of microparticles with various shapes, sizes, ordering, and material contents are
experimentally demonstrated. Long polymeric structures of which size is not limited by the
exposure field of view can also be fabricated. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2759988�

In situ photopolymerization techniques can fabricate
various microstructures in microfluidic channels by photo-
patterning of liquid-phase photocurable materials. Examples
include the fabrication of “anchored”1–4 and “unanchored”5,6

polymeric structures, such as valves,1 plugs,2 electrodes,3

and two-faced microparticles.5 Especially, continuous-flow
lithography techniques can continuously generate various
types of free-floating microparticles with high throughput by
selectively polymerizing photocurable resin flowing in the
microfluidic channels.5,6 In the previous implementations,1–6

however, photomasks in the optical projection lithography
systems are not dynamically programable in real time and,
therefore, it is difficult to control the exposure pattern and
timing of the microstructure fabrication process in an unified
manner. For continuous high-throughput fabrication of a
large number of distinctive microparticles,6 maskless lithog-
raphy techniques with programable exposure patterns can
significantly improve the performance and flexibility of the
microlithography systems.7 Maskless lithography techniques
typically use computer-controlled programable two-
dimensional spatial light modulators �SLMs� in place of tra-
ditional photomasks, and have been applied for many appli-
cations with modest spatial resolution requirements in order
to reduce the fabrication cost and turnaround time of the
photomasks.8

In this letter, we propose an optofluidic maskless lithog-
raphy technique that can synthesize free-floating microstruc-
tures in microfluidic channels at the desired time and loca-
tion within the field of view of the lithography system. By
uniquely combining the concept of maskless and continuous-
flow lithography techniques in the microfluidic channels, we
experimentally demonstrate real-time control of the in situ
polymerization process to dynamically synthesize extruded
polymeric microstructures with various two-dimensional
shapes. Although maskless stereolithography techniques us-
ing confocal microscopes or SLMs have been proposed for
three-dimensional microstructure fabrication, they require

optical scanners and/or mechanical translation stages for
point-to-point or layer-by-layer fabrication process.4,9 In
our lithography scheme, however, continuous flow of the
photocurable resin in the microfluidic channel not only sup-
plies the nonpolymerized material into the photopatternable
region, but also carries the synthesized polymer microstruc-
tures for further processing, eliminating the need of addi-
tional actuators. We also take advantage of microelectrome-
chanical systems �MEMS�-based high-speed SLMs in order
to dynamically control the shape of polymerized micropar-
ticles and to improve the overall throughput, especially
when we need to generate a large number of different
microstructures.

Figure 1 schematically describes the experimental setup,
which combines a high-speed optical projection system for
dynamic ultraviolet �UV� photopatterning, a microfluidic
channel for UV-photocurable acrylate oligomer stream, and a
microscopic imaging system for inspection and monitoring.
A high-intensity mercury-xeon lamp �200 W bulb� with a
fiber-based light guide is used as a continuous wave light

a�Author to whom correspondence should be addressed; electronic mail:
skwon@snu.ac.kr

FIG. 1. �Color online� Schematic diagram of the proposed optofluidic mask-
less lithography system for dynamic control of the photopolymerization pro-
cess in microfluidic devices.
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source for photopolymerization. A 10� microscope objective
lens having a numerical aperture �NA� of 0.28 projects the
computer-controlled image pattern on the MEMS SLM to the
final object plane with a demagnification factor of approxi-
mately 8.9. Since the pitch of the micromirror array is
13.68 �m in the SLM plane,10 the pixel size in the object
plane is approximately 1.54�1.54 �m2. The optical projec-
tion system and imaging optics share the same objective lens
and their light paths are separated by a beam splitter. The
microfluidic channel is located on the common object plane
of the projection system and microscope �details in the upper
part of Fig. 1�. The overall experimental setup is very similar
to conventional maskless lithography, except that a
photoresist-coated wafer is replaced with a microfluidic
channel. To monitor the polymerization process and the fab-
ricated microstructures at the object plane, we used a micro-
scopic imaging system with a charge-coupled device image
sensor. Our optical projection system is currently not diffrac-
tion limited for UV wavelengths around 365 nm, and has
relatively long depth of focus for easier alignment and thick
microfluidic channel heights. The spatial resolution, how-
ever, can be improved with an optimized optical design at the
expense of shorter depth of focus and tight alignment mar-
gin. High spatial resolution with the feature size of 0.6 �m
has been reported using the similar projection-based photo-
polymerization setup,9 and even higher resolution can be ob-
tained using multiphoton polymerization.11

Extruded polymeric microstructures are fabricated by se-
lectively solidifying the liquid-phase photocurable oligomer
stream �combination of polyethylene glycol �258� diacrylate
�PEG-DA� and 1 wt % of UV photoinitiator �2,
2-dimethoxy-2-phenylacetophenone�� with the UV light ex-
posure through the slide glass substrate. The top view of the
polymerized microstructures is, therefore, defined by the ex-
posure pattern of the UV light, as schematically depicted in
Fig. 1, while their thickness is determined by the height of
the channel and the lubricating inhibition layer.5 The micro-
fluidic channels are fabricated using a standard soft lithogra-
phy technique with polydimethylsiloxane �PDMS�
material.12 All four inner faces of the microfluidic channels
are made of PDMS �cross-sectional view in the inset of Fig.
1� because the oxygen contents near the PDMS channel sur-
face prevent the photopolymerization process, and thus allow
the formation of free-flowing polymeric microstructures in-
side the channel.5

In our lithography setup, a high-speed optical projection
system with a two-dimensional array of micromirrors10 dy-
namically controls the UV exposure pattern, and makes it
easy to fabricate a variety of microstructures in real time
without having to prepare for photomasks. Figure 2 demon-
strates several examples of polymeric microparticle fabrica-
tion using our programable photopolymerization setup. Since
the MEMS-based SLM controls the two-dimensional UV
light exposure pattern with high temporal and spatial accu-
racy, we can precisely control and visualize the photopoly-
merization process within the field of view.

For a proof-of-concept demonstration, we generated
various polymer microstructures in a straight microfluidic
channel, as shown in a series of optical microscope images in
Fig. 2�a�. The width and height of the microfluidic channel
used in this experiment are 400 and 40 �m, respectively. The
photocurable resin fluid flows from right to left using a sy-
ringe pump with the volumetric flow rate of 7 �l /min, and

the actual fluid velocity in the channel is approximately
130 �m/s. The mask patterns of the MEMS SLM shown in
the lower left side of the microscope images �150
�300 pixels in the SLM� are programed to be updated at 0,
3, 4, and 5 s with 0.5 s exposure time. The white and black
pixels represent the on and off states of the corresponding
micromirrors in the SLM, respectively. It is evident that the
optofluidic maskless lithography technique can flexibly con-
trol the shapes and sizes of the extruded polymeric micro-
structures as well as their relative positions and orders.

In Fig. 2�a�, we use only a small portion of the SLM to
make relatively simple structures with a single UV exposure.
However, it is also possible to improve the fabrication reso-
lution and to synthesize more complicated structures with
multiple exposure techniques.13 For example, we can think
of an adaptive multiple-exposure lithography scheme that
monitors and corrects the fabricated structures iteratively in
real time within the field of view of the proposed lithography
system. To demonstrate this idea, we dynamically target a
free-floating microstructure, and subsequently augment the
targeted structure with the second UV exposure. As shown in
Figs. 2�b�–2�i�, we first generate a polymer microstructure
with a butterfly shape. While the microstructure coflows with
the nonpolymerized oligomer stream, its position is traced
and dynamically targeted by a computer vision system, and
an additional ring-shaped structure is formed around the
original microstructure with the second UV exposure �Figs.
2�b�–2�i��. The ring and butterfly structures are connected
with each other and float with the uncured stream. The width
and height of the microfluidic channel are 200 and 40 �m,
respectively, and the exposure area corresponds to 275
�145 pixels in the SLM.

Unlike conventional maskless lithography, the resolution
of continuous-flow lithography depends on the flow rate of
the photocurable resin. To solidify the resin at a desired lo-
cation, the accumulated light dose has to be more than the
threshold level, and this takes finite amount of exposure time
for a given light intensity. Therefore, the spatial resolution of
continuous-flow lithography is roughly proportional to the
light intensity and, at the same time, inversely proportional
to the exposure time and the flow speed of the photocurable
material.5 When the photocurable resin is not pressurized and

FIG. 2. �Color online� Temporal and spatial control of the photopolymer-
ization process in the microfluidic channel using dynamic illumination with
a programable SLM. �a� Different UV patterns are exposed onto a micro-
fluidic channel to generate various microparticles at every second. The UV
photomask patterns are shown in the inset of each figure, and the dashed
boxes indicate the corresponding exposure areas. �b� Dynamic targeting of a
free-floating microstructure and multiple UV exposures.
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does not flow in a 40 �m high microfluidic channel, we can
reliably synthesize polymeric microstructures with a single
pixel resolution ��1.54�1.54 �m2� at 0.1 s exposure time.
As the flow speed increases, the spatial resolution along the
flow direction decreases continually. For example, when the
flow speed reaches 40 �m/s, an alternating exposure pattern
with a single-pixel resolution yields completely blurred mi-
crostructures. The production rate of the resolution-limited
microparticles around this flow speed is on the order of
103 particles/min, which is comparable to previous reports.5

According to our experiments, however, increasing the NA
and magnification of the objective lens does not significantly
improve the spatial resolution because the depths of field for
higher NA lenses are limited and quickly become smaller
than the channel height blurring the aerial image inside the
microfluidic channel. We need higher NA objective lenses as
well as smaller channel heights to generate microstructures
with submicron resolution.

In the traditional projection-based maskless lithography
schemes with a limited number of SLM pixels, there is a
trade-off between the spatial resolution and the photopattern-
able area. The optofluidic maskless lithography technique
overcomes this limitation by continuously translating the
fabricated structures with microfluidic forces, and thus, en-
ables the fabrication of very long structures while maintain-
ing the patterning accuracy and flexibility of the maskless
lithography techniques. In Fig. 3, we demonstrate that long
polymeric microwire structures, whose lengths are much
longer than the exposure area, can be synthesized by expos-
ing a time-varying UV pattern on a continuously flowing
photocurable resin. Large polymer structures with a fine
resolution can be fabricated in a cost effective manner with-
out expensive equipments such as a stepper.14 Figure 3�a�
shows a curved polymeric wire fabricated by moving the
circular exposure pattern up and down with the amplitude of
100 �m. The UV exposure pattern is updated at every

0.05 s. When the fluid velocity and the center position of the
circular UV beam at time t are given by v and f�t�, respec-
tively, the shape of the microwire �x ,y� approximately fol-
lows y= f�x /v�, and the length of the synthesized polymer
wire is proportional to the fluid velocity �v� and exposure
time. Multiple microwires can be simultaneously synthe-
sized, and their shapes and relative positions are also easily
controllable �Fig. 3�b��. The fluid velocities for Figs. 3�a� and
3�b� are 120 and 100 �m/s, respectively.

In addition to the dynamic controllability in the micro-
structure shape and position, the material composition and
chemical anisotropy of the fabricated structures can also be
controlled using multiple photocurable resin materials and
their rheological properties in the microfluidic channels. A
Y-shaped microfluidic channel in Fig. 3�c� combines two
PEG-DA streams with and without rhodamine B dye. Due to
the low Reynolds number, the two solutions maintain the
interface near the center of the microfluidic channel, and
flow together with the velocity of approximately 110 �m/s.
Two-faced microstructures can be generated around the so-
lution interface, while usual single-phase structures are fab-
ricated at each half of the channel.

In conclusion, we have demonstrated an optofluidic
maskless lithography technique that can dynamically synthe-
size free-floating polymeric microstructures inside the micro-
fluidic channels using a two-dimensional SLM based on
MEMS technology. The unique combination of high-speed
maskless lithography and microfluidics allows us to control
the timing and location of the photopolymerization process.
This technique would be a versatile platform to investigate
fluidic self-assembly process. Once microstructures with
various shapes and compositions are fabricated inside the
microfluidic channels, they can be fluidically self-assembled
to form large-scale systems. We envision that such a tech-
nique can find a wide variety of applications in encoded-
particle-based biosensors and self-assembled display panels.
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FIG. 3. �Color online� �a� Curved polymer wire fabricated by moving the
circular exposure pattern �radius: 25 �m� up and down sinusoidally as a
function of time. �b� Overlapped microwires synthesized simultaneously by
moving two circular UV beams. �c� A microscope image of multimaterial
microstructure synthesis at a Y-shaped microfluidic channel.
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