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 A method for high-throughput 3D self-assembly of 2D photopatterned microstructures 
using railed microfl uidics is presented. Vertical device patterning of heterogeneous 
materials requires high-level integration using conventional microelectromechanical 
system (MEMS) technology; however, 3D railed assembly enables easy and fast 
self-assembly via a fl uidic axis-translation process and simple material exchange 
in microfl uidic channels. Individually photopatterned 2D microstructures are axis-
translated from in-plane to out-of-plane and fl uidically self-assembled, guided by 
side-rails in microfl uidic channels to form a 3D morphology. Since the structures are 
fabricated in fl uidic environments, there are no fi xed initial points on the channel 
substrate allowing fl uidic horizontal stacking of erected 2D structures. The guiding 
mechanism of railed microfl uidics enables effi cient fl uidic handling and deterministic 
3D self-assembly of heterogeneous components such as electronic components or 
polymeric microstructures using only fl uidic force. 
  1. Introduction 

 Self-assembly is a promising pathway for parallel fabrica-

tion of devices made up of small components. [  1  ]  All the com-

ponents are assembled together after the initial fabrication by 

suitable driving forces, such as gravity, [  2–4  ]  surface energy, [  5  ]  

electrostatic force, [  6  ]  electromagnetic force, [  7  ]  fl uidic force, [  8  ,  9  ]  

or capillary force. [  10  ,  11  ]  A variety of applications are intro-

duced to self-assemble heterogeneous materials, for example, 

light-emitting diodes (LEDs) on a silicon substrate [  4  ]  or a 

fl exible substrate, [  12  ]  radio-frequency identifi cation (RFID) 

chips on antennas, [  13  ]  bead packing on a patterned glass sub-

strate [  14  ]  and so on. Such self-assembly techniques are often 
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massively parallel and therefore can be scaled to increase 

speed and reduce cost. However, assembly yield is not as high 

owing to the probabilistic nature of self-assembly. Increasing 

the chance of components meeting together is critical to 

increase assembly yield. As demonstrated in fl uidic self-

assembly (FSA) of RFID [  2  ]  or assembly of DNA origami, [  15  ]  

this is often done by overloading the number of parts fl oating 

around the assembly sites to increase the probability of 

matching and assembling. Thus, unnecessary mass production 

of microcomponents is required in most FSA processes. How-

ever, if microstructures could be accurately guided in a fl uidic 

environment, an effi cient FSA process combining the advan-

tages of high-yield robotic assembly and high-throughput 

FSA would be achieved. 

 As an accurate guided self-assembly process, electric 

fi elds are often used to assemble colloidal particles such 

as polystyrene and silica particles in liquid suspensions. [  16  ]  

Template-assisted guided self-assemblies have also been 

investigated using chemically treated surface templates [  17  ,  18  ]  

or electronically coupled semiconductor device layers [  19  ]  to 

assemble various components. Recently, railed microfl uidics 

has been developed [  20  ]  as an ultimate guided self-assembly 

process. It is a deterministic way of assembling small and 
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      Figure  1 .     Microfl uidic channel design for 3D railed self-assembly. a) Schematic diagram of a 
railed microfl uidic channel with side rails for self-assembly of 2D patterned microstructures. 
The 2D microstructures are formed in the fabrication area along the  xy  plane using an OFML 
setup. The structure fl ows to the axis-translation and assembly area and rotates to the 
 z  axis in 90 °  at a bump embedded at the bottom of the channel. Side rails are used to guide 
fabricated structures during the rotation and assembly process. b) Top view of the side-
railed microfl uidic channel ( xy  plane). The darkest blue corresponds to the deepest part of 
the channel. c) Cross-sectional view of the channel ( yz  plane) cut at a–a′ from (b). d) Cross-
sectional view of the channel ( xz  plane) cut at b–b′, c–c′, d–d′, and e–e′ from (b). PDMS  =  
polydimethylsiloxane.  
discrete heterogeneous components accu-

rately without an error in a fl uidic envi-

ronment. However, a 3D guided and FSA 

process using railed microfl uidics has not 

yet been reported. 

 Of interest is a deterministic 3D self-

assembly of heterogeneous microstructures 

in a fl uidic environment by expanding 2D 

railed microfl uidics technique. Most 3D 

self-assembly processes are executed by 

capillary force or surface energy minimiza-

tion [  21–25  ]  in liquid environments. In addi-

tion to the capillary-based 3D self-assembly 

methods, conventional microelectro-

mechanical system (MEMS) technology 

is applied for microgripper-assisted 

assembly [  26  ]  or hinged assembly. [  27  ,  28  ]  2D 

fabricated structures are initially fi xed on 

the substrate and translated from in-plane 

to out-of-plane centering on the fi xed 

points. Since vertical patterns of the fi nal 

3D morphology are controlled during 2D 

fabrication, hinged self-assembly enables 

complex 3D shape formation. However, 

the procedure is complicated and time-

consuming, and all the initial points are 

fi xed on the substrate causing the assembly 

to be executed only in a purposed manner. 

Furthermore, these methods are focused 

on structures with a single material com-

position rather than heterogeneous mate-
rials because heterogeneous vertical patterning requires very 

complex integration steps. 

 Herein, we demonstrate a 3D railed self-assembly using 

an axis-translation technique to move structures from in-

plane to out-of-plane. By combining this axis-translation 

concept of MEMS-based 3D assembly with the FSA process, 

railed microfl uidics is expanded from a 2D to a 3D assembly 

technology. All the microstructures are fabricated in two 

dimensions, thus guided self-assembly is achieved by 2D 

railed microfl uidics fi rst, and then fl uidically erected from 

the  xy  plane to the  xz  plane. After the structures are made to 

stand, the axis-translated 2D structure is guided by side rails, 

and then horizontally stacked sequentially by the fl uidic force. 

Since there is no fi xed initial point of the microstructures on 

the substrate, we easily handle the 2D patterned structures 

using the guiding mechanism of railed microfl uidics. Also, 

guided microstructures are deterministically self-assembled 

in liquid environments, which overcomes the limitation of 

previous 3D FSA techniques. With this method, various 3D 

FSA and heterogeneous vertical patterning processes are 

demonstrated.   

 2. Results and Discussion 

   Figure 1   a schematically illustrates the experimental 

setup of the side-railed microfl uidic system for 3D self-

assembly, which combines a railed microfl uidic channel [  20  ]  
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and optofl uidic maskless lithography (OFML) system. [  29  ]  In 

OFML, UV-curable resin fl owing in the channel is photopo-

lymerized through dynamic projection patterns modulated 

from the digital micromirror device (DMD, Texas Instru-

ments). The top view of the polymerized microstructure is 

defi ned by the exposure pattern of the UV light from the 

DMD, thus various microstructures with arbitrary 2D pat-

terns are easily fabricated via OFML.  

 The key of 3D railed self-assembly is the design of the 

railed microfl uidic channel. Instead of rails on top of the 

microfl uidic channels, we used side rails as described in 

Figure  1 a. Side-railed microfl uidic channels are divided 

into two areas: the fabrication area (80  μ m depth) and the 

assembly area (520  μ m depth). In the fabrication area, 2D 

microstructures are photopatterned along the  xy  plane via 

OFML. The channel has common side-guiding rails on both 

sides to move fabricated structures along the rail from the 

fabrication region to the assembly region. 2D synthesized 

structures in the fabrication area are fl uidically transferred to 

the assembly area through guidance along the side rails, and 

then rotate by 90 °  at the bump embedded at the bottom of 

the channel due to continuous fl uidic force. In this way, indi-

vidually fabricated 2D microstructures with various patterns 

are vertically assembled within the deep assembly region at 

the end of the rails. Since all the arbitrary photopatterned 2D 

structures are standing upright during the assembly, the fi nal 

structure has various vertical patterns which cannot be easily 

produced using conventional lithography. 
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      Figure  2 .     Axis translation in a side-railed microfl uidic channel. a) Modeling of the axis-translation process. The structure starts to rotate for 
 H   >  2 h  and the angular speed increases as  h  reduces. b) Process of axis translation. i) Initial state. The fabricated 2D structure fl ows from left 
to right guided by side rails. ii) Axis translation. The structure stops at the bump and rotates 90 °  due to continuous fl uidic force. iii) Final state. 
The axis-translated structure fl ows forward, guided along the side rails by the fi ns. Then, the structure is assembled in the horizontal direction. 
c) Fixation of 3D self-assembly. By exposing the bar-type pattern after the assembly, the fi xing bar binds all assembled structures and supports 
them from collapse upon the removal of the fl uidic channel. d,e) Axis-translated 2D patterned structures with supporting bars.  
 The channel used in the experiments has three different 

depths, as shown in Figure  1 b–d. The brightness of the color 

in the  xy -plane view represents the depth of the channel 

(Figure  1 b). The darkest blue corresponds to the deepest 

part which is 520  μ m in depth. To cover all the arbitrary 

heights of the fabricated structures, the axis-translation 

and assembly area is signifi cantly deeper than the fabrica-

tion area. Figure  1 c shows the  yz -plane view of the channel 

which is a cross section of the side-railed microfl uidic 

channel in a parallel direction to the fl ow cut at a–a′ from 

Figure  1 b. 

 The bump at the bottom of the channel is a key to the 

axis translation of the 2D fabricated structure, which aids 

structural posturing. It is extruded in the  z  direction to aid 

axis translation of the fl owing 2D structure. The 2D struc-

ture is made to stand upright by tripping over a bump, 

which results in axis translation due to continuous fl uidic 

force in the  y  direction, as shown in Figure  1 c. The fl ow 

pushes the axis-translated structure to move to the end 

of the assembly area, thus completing the assembly. Cross 

sections in the  xz  plane, which is an orthogonal direction 

to the fl ow cut at b–b′, c–c′, d–d′, and e–e′ from Figure  1 b, 

show the depth difference of each part in the side-railed 
© 2011 Wiley-VCH Vwileyonlinelibrary.com
microfl uidic channel (Figure  1 d). The cross section at b–b′ 
shows the fabrication area. The heights of both the photo-

patterning region and side rails are the same. Cross sec-

tions at c–c′ and d–d′ are the axis-translation area. The 

cross section at d–d′ shows a bump at the bottom of the 

channel. Finally, the cross section at e–e′ is the end of 

the rails, which allows self-assembly of axis-translated 2D 

photopatterned structures. Detailed fabrication methods of 

this multistep side-railed microfl uidic channel are described 

in the Experimental Section. The side-railed microfl uidic 

channel is used to self-assemble fabricated 2D layers with 

various patterns in the vertical direction to make the fi nal 

3D structure. 

 For the structure to fully stand up, it must have enough 

initial energy, which results from the fl uidic force, to over-

come the force of gravity enacted upon it. Theoretically, 

the property in axis translation of the structure can be 

expected approximately from the following equations. The 

morphology of the 2D patterned structure determines a 

rotational inertia at the center of mass,  I  cm . At the instant 

of collision between the fl owing 2D structure and the bump, 

angular momentum  J  is conserved at point A as follows 

(Equation (1) and  Figure  2  a):
erlag GmbH & Co. KGaA, Weinheim small 2011, 7, No. 6, 796–803
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   where  m  is the mass of the structure,  v  0  is the structure 

velocity,  H  is the height of the 2D patterned structure,  h  is the 
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  From  Equation (2) , the structure starts to rotate when half 

of the structure height is higher than the height of the bump. 

When the center of mass of the structure is higher than the height 

of the bump, the structure collides with the bump. With the initial 

angular speed  w  0 , every motion of the structure starts to be gov-

erned by a fl uidic frictional force due to low Reynolds number. 

Therefore, the structure should have a suffi cient driving torque 

for the full axis translation by an external pressure to overcome 

the frictional torque exerted by the resin [ Equation (3) ]. For sim-

plicity of the analysis, we assumed that the structure is rigid and 

the turbulence of the fl ow around the structure is negligible.
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  In  Equation (3) , the left-hand term is the driving torque by 

the external pressure applied to the structure, where   ρ   liquid  

is the viscosity of the resin,  v   O   is the velocity of the liquid, 

 W  is the width of the 2D patterned structure, and   θ   is the 

rotation angle. The right-hand term is a torque created by 

the frictional force, where   ζ   is the frictional coeffi cient of the 

structure,   ω   is the angular speed at an angle of   θ  , and  r  is the 

radius from point A to the center of mass.  Equation (4)  indi-

cates an assumption that the end-line of the axis-translating 

structure follows the fl ow of the resin. 

 By setting  Equation (3)  to be satisfi ed for every rotation 

angle, we can obtain the minimum pressure for the full axis 

translation as follows:

 

P (minimum) � 8 ζ2

9L2 W 2ρliquid   
(5)

   

  From  Equation (2)  and (5), we can get the appropriate height 

of the bump in a channel and minimum pressure required to 

axis-translate the 2D patterned structure. 

 OFML is a dynamic 2D polymeric microstructure fab-

rication method in microfl uidic channels using a DMD. By 

combining the OFML technique with railed microfl uidics, 

a powerful microstructure guiding and assembly technique 
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in a fl uidic environment, various 2D microstructures are 

photopolymerized in situ and self-assembled forming a 3D 

morphology. As a proof-of-concept demonstration, we axis-

translated 2D polymeric microstructures as shown in Figure  2 b. 

In the initial state, the fabricated structure fl ows from left 

to right with the uncured polymer resin guided by side rails 

due to “fi ns” at both sides of each structure (Figure  2 b(i)). At 

the bump, the fl owing structure stops and rotates 90 °  in the  y  

direction (Figure  2 b(ii)). Continuous fl ow forces the structure 

to move against a viscous liquid solution and the gravity of 

the fabricated structure. After the axis translation, the struc-

ture moves forward guided along the side rails due to the 

fi ns, and then it is fi nally assembled in the horizontal direc-

tion. Therefore, the assembled structures have vertical pat-

terns at the fi nal state (Figure  2 b(iii)). By making structures 

with various lengths along the horizontal plane, it is possible 

to have multiheight patterns in the fi nal assembled form. All 

the 2D patterns are determined by the DMD patterns from 

the OFML system. Due to the dynamic lithography method, 

arbitrary patterns are fabricated for 2D structures to form 

the desired 3D assembly. 

 All the axis-translated structures are only stabilized while 

the resin is fl owing forward, and they need supporters to 

remain standing outside of the channel. To fi x the structures 

by binding them together, we expose a bar-type pattern on 

the fi ns of the structures after the assembly (Figure  2 c). The 

fi xing and supporting bar binds all the assembled structures, 

and supports the axis-translated structure not to collapse out-

side as well as inside the microfl uidic channels. Before the 

structures were removed from the microfl uidic channel, the 

assembly was completely washed out with buffer solution and 

dried while the structures were fi xed at the end of the assembly 

area. After the structures were all dried, the microfl uidic 

channel was removed from the PDMS substrate. Figure  2 d 

and e show axis-translated 2D patterned structures from out-

side of the channel with supporting bars on both sides. 

 All the 2D shapes are determined by the DMD pat-

terns from the OFML system; thus, this dynamic litho-

graphy method allows arbitrary patterns for 2D structures 

to form desired 3D assemblies. Since these 2D structures 

are axis-translated during the self-assembly process, the fi nal 

structures have various vertical patterns. Using 3D railed self-

assembly, we demonstrate various self-assembled structures 

in 3D with different vertical patterns.  Figure  3  a and b show 

the FSA of height-controlled structures. Using dynamic DMD 

lithography, the height of 2D photopatterned structures is 

controlled during the fabrication process. The heights of the 

structures either slightly increase or decrease (Figure  3 a). 

Repeated height variation results in a sinusoidal wave-shaped 

fl uorescence intensity profi le, as shown in Figure  3 b(iii). This 

intensity profi le is derived from the fl uorescence image of the 

fi nal self-assembled structures, and is similar to a sine wave 

due to the varying height. By only changing 2D patterns via 

OFML and fl owing the fabricated structures with the liquid, 

we easily self-assembled them and formed a 3D morphology.  

 To show the diverse generation of vertical patterns using 

3D railed self-assembly, we formed a lateral surface stamp 

structure, as shown in Figure  3 c. The lateral stamp assembly 

shows that assembled 2D structures are embossed with 
799H & Co. KGaA, Weinheim wileyonlinelibrary.com
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  Figure  3 .     3D railed self-assembly. a,b) Height-controlled structure self-assembly. Height of 2D patterns a) i) increase or ii) decrease, and b) fi nally 
all the axis-translated structures are horizontally assembled to form a height-controlled structure. b) i) Microscope image of self-assembled height-
controlled structures. ii) Corresponding fl uorescence microscopy image. iii) Fluorescence intensity profi le analyzing the fl uorescence image from 
(ii). c) Top microfl uidic image of lateral surface stamp assembly. Two different lateral stamp patterns are shown on each side of the assembly. 
i) “SMILE” shape lateral pattern on one side. ii) “HI” shape characters on the other side of the fi nal assembly. A single self-assembled structure 
has two different lateral patterns on each side by controlling the pattern of each 2D structure. d) Lattice assembly. i) Scanning electron microscopy 
(SEM) image. Each 2D part has a void cavity (inset). ii) Fluorescence microscopy image. iii) Confocal microscopy analysis of lattice assembly. The 
confocal microscope scans the cross section of the whole lattice assembly in a positive  y  direction to show alternating patterns starting at each 
white circle (starting point of scanning) in the cross-sectional image cut at a–a’. 1 (Red): The fl uorescence intensity is high at  y   =  0. As scanning 
goes through the assembly, the intensity profi le repeats high and low values due to the alternating patterns. 2 (Green): The fl uorescence intensity 
is low at  y   =  0.  
certain characters when viewed from the side. Two dif-

ferent lateral stamp patterns are generated on each side 

of the assembly (Figure  3 c). The assembly is composed of 

seven axis-translated 2D structures all with different pat-

terns to form a lateral stamp in the fi nal assembled structure. 

Perspective views of the assembly are depicted as human 

eyes on the microscopic image of self-assembled structures 

(Figure  3 c). The left and right sides of the fl ow direction 

are shown in Figure  3 c(i) and (ii), respectively. Figure  3 c(i) 

shows a “SMILE” shape pattern and Figure  3 c(ii) is a “HI” 

pattern. Finally, a single self-assembled structure has two dif-

ferent lateral patterns by controlling the pattern of each 2D 

structure. The lateral stamp assembly structure is not easy to 

fabricate with conventional MEMS technology. Our method 

takes just a few seconds including all the fabrication and 

assembly processes. 
© 2011 Wiley-VCH Vewileyonlinelibrary.com
 Fabricating a structure with a cavity, or a void area, is a 

very complicated and time-consuming process using con-

ventional MEMS technology. It requires several steps of 

photolithography, etching, and development process to 

make one void area inside the structure. However, the 3D 

railed assembly technique enables fast and easy cavity fab-

rication simply by patterning 2D structures with a hole and 

fl owing them within side-railed microfl uidic channels to axis-

translate and assemble them. As shown in Figure  3 d, the void 

area exists inside assembled lattice structures. This assembly 

is composed of alternating lattice structures. Each 2D photo-

patterned part has two void cavities similar to a single set of 

checkered pattern, and the cavity parts in the pattern alter-

nately and repeatedly change with noncavity parts as the fab-

rication process proceeds (inset of Figure  3 d(i)). Figure  3 d(i) 

is a SEM image showing alternating lattice structures and 
rlag GmbH & Co. KGaA, Weinheim small 2011, 7, No. 6, 796–803
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Figure  3 d(ii) shows a fl uorescence microscopy image of 

assembled lattice structures. Confocal microscopy of the 

assembly is executed to confi rm the presence of alternating 

vertical patterns throughout the entire assembly. As shown 

in Figure  3 d(ii), the confocal microscope scans the cross sec-

tion of the entire assembly in the direction of the two white 

arrows to prove the vertical lattice patterns. The scanning 

starts at each white circle in the confocal cross-sectional 

image of Figure  3 d(iii) cut at a–a’ from Figure  3 d(ii). Since 

the fi rst scan starts from the bottom-left part of the lattice 

pattern, which is a noncavity part (red 1 image), the analyzed 

graph (red 1 graph) proves that the fl uorescence intensity 

is high at  y   =  0 showing full fl uorescence. As scanning goes 

through the whole assembly, the intensity profi le alternates 

between high and low due to the alternating cavity patterns. 

The second scan starts from the bottom-right part of the pat-

tern, depicted as a white circle in the confocal microscopy 

image (green 2 image). The starting point of the scan is a 

cavity part, and thus the graph (green 2 graph) shows that the 

fl uorescence intensity is low at  y   =  0, indicating that there is 

very weak fl uorescence. The two graphs in Figure  3 d(iii) have 

the opposite trend to each other, because one starts from a 

noncavity part and the other starts from a cavity part, and 

both go through alternate patterns repeatedly. These results 
© 2011 Wiley-VCH Verlag Gmbsmall 2011, 7, No. 6, 796–803

      Figure  4 .     Heterogeneous 3D self-assembly. a) Schematic diagram of fi na
The structure is made of fi ve axis-translated (vertical) layers. Odd layers a
for each solution. i) First and fi fth vertical layers are made of fl uorescein
rhodamine B (Rho B)-labeled PEG-DA. iii) The third vertical layer is made
i) Top microscopy image of the fi nal assembled structures. ii) Correspon
assembly. d) Confocal microscopy images of each horizontal layer deno
shown as green fl uorescence. ii) Second heterogeneous layer. The top blo
third layer are shown as red and green fl uorescence, respectively. iii) Thir
e) LED axis translation and self-assembly. Externally introduced LEDs are
channels. i) Externally introduced LED mixed with polymer solution. ii) L
iii) Axis-translation of the LED at the bump. iv) The erected LED is assemb
confi rm that our 3D railed assembly method allows vertical 

cavity patterning. 

 The examples of self-assembly described above were dem-

onstrated using microstructures made of the same polymeric 

material. However, the true advantage of guided self-assembly 

is in its capacity to assemble parts made out of different mate-

rials, or heterogeneous self-assembly. In conventional litho-

graphy, patterning two different materials in a single substrate 

requires two separate photolithography steps, two separate 

alignment steps, and two separate material patterning steps. 

In contrast, we have created a much simpler process to self-

assemble microstructures made up of different materials by 

just introducing the solution alternately into the channel. 

This technique greatly simplifi es heterogeneous patterning by 

eliminating multiple alignment and material deposition steps. 

   Figure 4   shows the 3D self-assembly of heterogeneous 

materials. The pyramid-shaped 3D self-assembly product is 

composed of green and red blocks (Figure  4 a). This assembly 

is made of fi ve axis-translated (vertical) layers which are 2D 

patterned structures. Odd layers and even layers are different 

materials from each other. Since each vertical layer is composed 

of different materials, horizontal layers of the fi nal assembly 

are heterogeneous patterns. Each 2D patterned structure for 

each layer is shown in Figure  4 b. The fi rst and fi fth vertical 
801H & Co. KGaA, Weinheim wileyonlinelibrary.com

l pyramid-shaped 3D self-assembly composed of green and red blocks. 
nd even layers are made of different materials. b) 2D patterned structures 
 (FITC)-labeled PEG-DA. ii) Second and fourth vertical layers are made of 
 of FITC-labeled PEG-DA. c) Final assembled heterogeneous 3D structure. 
ding fl uorescence image. iii) SEM image of the fi nal pyramid-shaped 3D 
ted as in (a). i) First layer. Only the top block of the third vertical layer is 
cks of the second and fourth vertical layers and second-top blocks of the 

d heterogeneous layer. Bottom blocks of all fi ve vertical layers are shown. 
 captured via the OFML system and assembled in side-railed microfl uidic 
EDs are captured by the OFML system and pushed along the side rails. 
led at the end of the rail.  
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layers are made of fl uorescein (FITC)-labeled poly(ethylene 

glycol) diacrylate (PEG-DA; Figure  4 b(i)). The second and 

fourth vertical layers are made of rhodamine B-labeled 

PEG-DA (Figure  4 b(ii)). The third vertical layer is made of 

FITC-labeled PEG-DA (Figure  4 b(iii)). Since the layers are 

made of different materials, the vertically assembled 3D struc-

ture has heterogeneous patterns. The fl uorescence image of 

the fi nal assembled pyramid-shape structure shows alternating 

red and green fl uorescence for each layer (Figure  4 c(ii)). Red 

and green fl uorescence represent rhodamine B- and FITC-

labeled PEG-DA, respectively. Confocal microscopy images of 

each horizontal layer denoted as in Figure  4 a show that each 

layer is composed of heterogeneous materials. The fi rst layer 

is only the top block of the third vertical layer, shown as green 

fl uorescence (Figure  4 d(i)). The second layer is composed of 

two green blocks and two red blocks (Figure  4 d(ii)), and the 

fi nal horizontal heterogeneous layer is composed of all bottom 

blocks of fi ve vertical layers (Figure  4 d(iii)).  

 3D railed microfl uidics also has applicability in industrial 

processes such as vertical LED chip assembly. Externally 

introduced LEDs are captured by the OFML system and 

assembled in side-railed microfl uidic channels. The LEDs are 

mixed with polymer solution and introduced into the micro-

fl uidic channels (Figure  4 e(i)). The LED fl owing inside the 

channel is packaged by the OFML system in the fabrication 

region and moves along the side rails to the assembly area 

(Figure  4 e(ii)). The rail-guided LED is axis-translated at the 

bump (Figure  4 e(iii)), and then fi nally assembled at the end 

of the rails (Figure  4 e(iv)). Rather than 2D self-assembly of 

a micrometer-scale device in railed microfl uidics, [  30  ]  vertically 

stacked devices in the horizontal direction obtained by 3D 

railed self-assembly can be applied to various MEMS devices.   

 3. Conclusion 

 In summary, we have developed a 3D self-assembly 

method using axis translation of 2D structures in railed micro-

fl uidic channels. Diverse self-assemblies are executed within a 

few seconds simply by repeating 2D patterning and rotational 

assembly of the structure in solution. 3D self-assembly of het-

erogeneous materials with different patterns resulting in dif-

ferent vertical assemblies is demonstrated, thus increasing the 

versatility of the railed microfl uidics technique. Our method 

provides a fast and simple way to assemble various materials 

in three dimensions with low manufacturing cost.   

 4. Experimental Section 

  Optofl uidic Maskless Lithography (OFML) Setup : An OFML 
system was used for photopolymerization. In the OFML setup, 
a high-intensity mercury–xenon lamp (200 W bulb) was used for 
ultraviolet photopatterning, combined with a digital micromirror 
device (DMD; Texas Instruments) to dynamically control the shape 
of the magnetic actuators. Exposure patterns on the DMD were con-
trolled by a computer program (LabVIEW). An Olympus IX71 optical 
microscope was manually equipped with an ultraviolet lamp and 
DMD. A 10 ×  microscope objective lens with a numerical aperture 
(NA) of 0.28 projected the computer-controlled image pattern on 
© 2011 Wiley-VCH Vwileyonlinelibrary.com
the MEMS spatial light modulator to the fi nal object plane, with 
a demagnifi cation factor of approximately 8.9. Because the pitch 
of the micromirror array was 13.68  μ m in the spatial light modu-
lator plane, the pixel size in the object plane was approximately 
1.54  μ m  ×  1.54  μ m. Visual alignment for photopolymerization was 
observed with a charge-coupled device (CCD) camera (DP71). 

  Materials : Poly(ethylene glycol) diacrylate (PEG-DA, Sigma–
Aldrich,  M  n   =  258) with 10 wt% photoinitiator (2,2-dimethoxy-
2-phenylacetophenone) was used to synthesize polymeric struc-
tures. For the experiments with fl uorescence microscopy, 3 m M  
rhodamine B (Sigma–Aldrich) and 3 m M  FITC (Sigma-Aldrich) in 
PEG-DA solutions were used. 

  Fabrication of Microfl uidic Device : A railed microfl uidic device 
with three steps was used to fabricate 2D patterned structures and 
self-assemble in 3D. The microfl uidic channels were prepared using 
standard photolithography and soft lithography methods. Photo-
lithography processes were executed four times for 40, 40, and 
520  μ m heights. SU-8 photoresist (Microchem) was fi rst spin-coated 
on a silicon wafer. It was then baked at 95  ° C on a hotplate. Each layer 
was patterned through a fi lm photomask (designed by AUTOCAD) 
of 25 000 dpi resolution and post-baked at 95  ° C on a hotplate. 
The patterned wafer was then developed in an SU-8 developer. For 
a three-layer microfl uidic channel with a groove structure, which 
was a side-railed microfl uidic channel, a three-layer mold fabrica-
tion process was used by repeating this photolithography step in 
the mold preparation phase three more times. SU-8 2015 was used 
for the fi rst two 40- μ m layers, and SU-8 2050 for next 520  μ m. The 
520- μ m-thick layer was for the axis translation and assembly and 
it was photopatterned twice using SU-8 2050 to fabricate deep 
parts under the same conditions. Another one-layer lithography 
process on a silicon wafer was executed using SU-8 2015 (15  μ m 
thickness) for the bump layer, which was bonded to the side-railed 
microfl uidic channel. Finally, two patterned wafers were hard-
baked for 10 min at 110  ° C on a hotplate. For the soft lithography 
process, each mold was transferred to PDMS silicon elastomer 
(Sylgard 184, Dow Corning) with 10 wt% of curing agent by baking 
for 15 min on a hotplate at 150  ° C. Then, the fl uidic channel was 
cut and punched at each inlet and outlet, and the bump layer 
was also cut. Next, two replica PDMS molds were bonded to each 
other by a plasma cleaning process for 20 s under a vacuum at 
500–1000 mbar with a Plasma Cleaner PDC-32G (Harrick Plasma) 
to complete the microfl uidic channel fabrication process.     
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