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The rapid manufacture of complex three-dimensional micro-scale components has eluded researchers

for decades. Several additive manufacturing options have been limited by either speed or the ability to

fabricate true three-dimensional structures. Projection micro-stereolithography (PµSL) is a low cost,

high throughput additive fabrication technique capable of generating three-dimensional microstruc-

tures in a bottom-up, layer by layer fashion. The PµSL system is reliable and capable of manufactur-

ing a variety of highly complex, three-dimensional structures from micro- to meso-scales with micro-

scale architecture and submicron precision. Our PµSL system utilizes a reconfigurable digital mask

and a 395 nm light-emitting diode (LED) array to polymerize a liquid monomer in a layer-by-layer

manufacturing process. This paper discusses the critical process parameters that influence polymer-

ization depth and structure quality. Experimental characterization and performance of the LED-based

PµSL system for fabricating highly complex three-dimensional structures for a large range of appli-

cations is presented. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4769050]

I. INTRODUCTION

The ability to produce complex, micro-scale, three-

dimensional (3D) structures is a major challenge for the man-

ufacturing industry. These types of structures can provide

highly functional components for a variety of applications

such as bioimplantable devices, sensors and actuators, micro-

robots, thermal electronics, and energy efficient structures.1–5

There is a large array of additive methods to fabricate 3D

structures. Current manufacturing of 3D microstructures in-

volves highly complex processes such as x-ray lithography,6

deep UV,7 LIGA,8 and soft lithography.9 In all these manu-

facturing technologies, the fabrication of the final structures

cannot be completed with a single process, and also requires

large quantities of sacrificial material. These technologies, de-

veloped to fabricate microstructures with high aspect ratios,

have not found extensive industrial application due to their

limited flexibility and high operational cost.

Another group of fabrication technologies, such as

two-photon polymerization10, 11 and fused deposition

modeling,12, 13 are all low throughput methods and are not

utilized as mass manufacturing techniques given their serial

fabrication nature. Take two-photon polymerization, for ex-

ample; this method requires the use of two low power pulsed

laser beams which intersect deep within a photosensitive

liquid resin bath. At the intersection point, the beams form a

small volume element that has enough photon flux to poly-

merize the material. Two beams are then controlled in such

a way that the intersection point writes a completely three-

dimensional pattern in the resin bath in a serial point-by-point

fashion. This approach comes with several disadvantages.

For instance, the choices of resins available for this technique

are severely limited due to the need for them to be highly

transparent to the laser beams. This transparency requirement

also eliminates the possibility of loading the resin bath

with ceramic or metal particles thus expanding the available

material set. Finally, this technique is limited in its ability to

be a rapid manufacturing method due to its inherently serial

nature.

Mask lithography has been widely used to produce ex-

truded two-dimensional objects since its development in the

1960s for IC manufacturing. This technique succeeded in the

semiconductor industry because of its much higher through-

put compared to serial processes. Mask lithography, however,

struggles with true three-dimensional components because of

expensive masks, the time-consuming process of mask align-

ment, and difficulties creating high aspect ratio features. In

addition, conventional mask-based lithography cannot create

curved surfaces in the third dimension.

Projection micro-stereolithography (PµSL) combines

high throughput capability of mask lithography with the de-

sign flexibility offered by serial processes. PµSL is most simi-

lar to mask-based lithography in that the parts are produced in

a layer-by-layer process.14 However, PµSL allows for elimi-

nation of many time intensive steps in mask lithography such

as mask production and alignment by employing a digital

dynamic mask which can dynamically generate and recon-

figure patterns of light. Therefore, arbitrary 3D shapes with

complex curvatures in all three dimensions can be rapidly

fabricated.15, 16
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FIG. 1. PµSL operational principle. A three-dimensional model (a) is sliced

into layers and sequentially projected onto the photocurable resin (b) and the

structure is built in a layer-by-layer fashion (c).

PµSL is a three-dimensional fabrication technology

based on a photo-polymerization reaction. To fabricate a

three-dimensional object, an image corresponding to each

layer is projected onto a monomer resin with ultra-violet

(UV) or near UV light. This induces a polymerization reac-

tion that converts the liquid-state monomer resin into a solid

layer in the shape of the projected image. The thickness of

the resulting layer is determined by the penetration depth of

the light, which is controlled by several process parameters

including light intensity, exposure time, and the concentration

of photo-absorber and photo-initiator. The polymerized layer

is then lowered into a resin bath and a new liquid resin layer

is formed on top of the polymerized layer. The next image

is then transmitted to the dynamic mask in order to polymer-

ize the next layer on top of the preceding one. This process

is repeated until the desired number of layers has been fab-

ricated to complete the 3D object. The process is illustrated

in Figure 1. Figure 2 describes the optical setup used to pro-

duce the projected image. The PµSL additive micromanufac-

turing technique presented here is highly three-dimensional,

can be multi-material, and energy efficient due to its efficient

consumption of feedstock material and its use of inexpensive

low power components such as near-UV light-emitting diode

(LED) arrays instead of lasers. Additionally, microstructures

that are fabricated with this technique will provide perfor-

mance and efficiency benefits to a range of applications.

This paper describes the construction of a high-resolution

projection micro-stereolithography system based on a liquid

crystal on silicon (LcoS) chip as the dynamic mask. This work

FIG. 2. Schematic illustration of the projection microstereolighography

system.

also identifies and investigates process parameters that influ-

ence polymerization depth and part quality. We present ex-

perimental results that elucidate the effects of various pro-

cess parameters and demonstrate the ability to reliably fabri-

cate highly complex, high-resolution, three-dimensional, and

micro-scale structures for a broad range of applications.

II. MATERIAL AND METHOD

A. Materials and operating principle

PµSL is a process that involves the chemical kinetics

of photo-polymerization of UV curable resins consisting of

monomer, photo-initiator (PI), and photo-absorber. First, un-

der UV illumination, PI absorb incident photons and gener-

ate free radicals. The excited free radicals combine and re-

act with the monomer molecules (M) to form larger reactive

molecules. These reactive molecules continue to react with

adjacent monomers to form longer polymeric molecules. The

polymeric molecules keep growing until two of them com-

bine and terminate the reaction. The solidified polymer struc-

ture eventually forms by the entanglement and cross-linking

of these polymer chains.

Based on this photo-chemistry, PµSL is capable of

rapidly fabricating complex three-dimensional microstruc-

tures in a bottom-up, layer-by-layer fashion. A computer-

generated 3D computer aided design model is first sliced

into a series of closely spaced horizontal planes. These two-

dimensional slices are digitized as a bitmap image and trans-

mitted to the LCoS chip which projects the image through

a reduction lens into a bath of photosensitive polymer resin

(Figures 2 and 4(a)). Once the material in the exposed area

is polymerized by the chemical reaction described above, the

substrate on which the polymerized material rests is lowered

to repeat the process with the next image slice.

Digital masking is the core technology that transforms

a slow serial stereolithography process into an extremely

rapid and effective parallel process. There are three types of

digital mask technologies: (1) liquid crystal display (LCD);

(2) digital micromirror device (DMD); and (3) LCoS. LCD

is the cheapest and earliest dynamic mask employed in stere-

olithography. The limitation of LCD as a dynamic mask for

photocurable resins comes from the fact that LCD light ab-

sorption is significantly higher during the ON mode and,

therefore, its use is limited to a small range of commercially

available UV curable resins.17 The DMD offers improved

contrast over the LCD and is better suited to handle UV light

than LCD. However, DMD tends to mechanically fail when

taken out of their sealed environment and is not well suited to

a laboratory setup outside of a clean room. In this study, the

LCoS chip was employed as the spatial light modulator due to

its highly reflective surface coated with liquid crystals which

provides high contrast ratio as well as high packing density,

small pixel size, and adequate switching speed. In the PµSL

system, the LCoS chip works both as a mask and as a shut-

ter. Not only are the sliced bitmap images displayed on it to

modulate the illumination light but it also controls the poly-

merization time by providing the ability to switch completely

off creating a non-reflective surface resulting in no light trans-

mission to the resin bath.
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A LED was chosen as the light source in the PµSL sys-

tem. Among many others, the major advantage of LEDs over

conventional light sources such as mercury arc lamps and

lasers is their energy efficiency. LEDs consume much lower

energy than lasers and mercury lamps for polymerization of

the same volume of material. Moreover, they are tailored to

a specific wavelength to match that of the UV curable resins.

Other advantages include shorter starting time, longer lifes-

pan, low cost, compact size, and low heat dissipation. Al-

though the light output of an individual LED is modest, ad-

vanced arrays of high power LEDs delivers sufficient light

power required for this study.

B. PµSL system operation

Figure 2 depicts the optical configuration of the PµSL

system. The LED light source is a 395 nm LumiBright Light

Engine (Innovations in Optics, Inc.). Two 20◦ engineered dif-

fusers (ThorLabs) are used to condition the light. The light

intensity measured at the liquid monomer surface can range

from 1 mW/cm2 to 100 mW/cm2. The system is enclosed in a

custom made fabrication chamber with a mass flow sensor in

order to monitor the oxygen concentration in the chamber; a

critical parameter for repeatable fabrication.

The optical train consists of a beam splitting cube (Tower

Optical Corporation: Part 13397) and a 92/8 pellicle beam

splitter (ThorLabs). The cube polarizes the light and contains

an anti-reflective coating. The pellicle directs light to a CCD

camera used to check system focus and to monitor the build.

A LCoS display (Holoeye, Co., model HED-6001) is

used as a digital mask in the PµSL system. This display

has a resolution of 1920 × 1080 pixels over a 15.36 mm by

8.64 mm area. The manufacturer reports a contrast ratio of

2500:1 and 95% reflectivity. An OEM HDTV kit (Aurora

Systems, Inc.) is connected to the LCoS chip to control the

display. UV reduction optics (Coastal Optical Systems: Parts

0745200, 0508100, and 0452200) reduces the display pix-

els by a factor of 6:1, making the final image resolution

1.3 µm/pixel at the projection focal plane.

Light uniformity was further improved using the gray-

scale capability of the LcoS spatial light modulator. In order to

realize improved uniformity, a background correct procedure

was developed. A custom LabVIEW program sets all pixels

on the LCoS to maximum intensity and captured the result-

ing image. This image was then processed through a MATLAB

script within the LabVIEW program that analyzed the inten-

sity and suppressed the pixel value at regions where the in-

tensity was above the average. This corrected mask was then

projected and a new image was taken. This loop was repeated

until the intensity variation over all pixels in the projection

plane was within the desired range. As shown in Figure 3, this

background correction reduced the intensity non-uniformity

from 16% to 5% measured from maximum to minimum

intensity.

The objects were fabricated using 1, 6-hexanediol diacry-

late (HDDA; CAS 13048-33-4) as the liquid monomer which

was mixed with 1-phenylazo-2-naphthol (Sudan 1; CAS 842-

07-9), a photo-absorber that varied in concentration from 0%

to 2% by weight in HDDA to adjust the light penetration

FIG. 3. Image correction procedure for improving light uniformity. (a) Cap-

tured blank image and image for background subtraction. (b) Example of

normalized intensity heat map before and after correction.

depth, and phenylbis (2, 4, 6-trimethylbenzoyl) phosphine ox-

ide (Irgacure 819; CAS 162881-26-7), a photo-initiator fixed

at a concentration of 2% by weight in HDDA.

The substrate travels in the z-direction between each

build layer, perpendicular to the fluid surface of the resin

bath, and is controlled by a motorized linear translation stage

(Newport, Co., UTS150CC). This stage has a resolution of

0.1 µm and a minimum step size of 0.3 µm. The maximum

build height is on the order of several centimeters, although

no parts were manufactured over 1.5 mm for a single struc-

ture. The focusing procedure is summarized in Figure 4(b). A

Newport control panel was used to control the position of both

the resin bath and the substrate holder. The reflected image

from the liquid monomer surface is captured by the camera

through the pellicle beam splitter and each projected image

FIG. 4. System operation for fabricating 3D structures. (a) Example of 3D

geometric model and the slicing program output used to generate 2D bitmap

images. (b) PµSL system operation procedure for focusing and subsequent

fabrication.
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on the liquid monomer can be monitored in real time from

the external monitor connected to the main control computer.

The surface of the liquid monomer surface is adjusted so that

the projected image from the surface is in focus. To initiate a

build sequence, the substrate is moved to the focal point of a

projected image. The silicon substrate is then lowered into the

monomer and raised to 10 µm below the surface (Figure 2).

The first mask is then projected onto the monomer. Between

subsequent masks, the substrate is submerged and raised to

10 µm below its previous position.

A custom LabVIEW Virtual Instrument (VI) controlled

the system. The user inputs test conditions by means of a text

document which specifies exposure time, light power, and z-

axis motion distance (hence, layer thickness) between each

exposure step. The system then waits a pre-specified time for

the disturbed free surface of the liquid material to settle, fol-

lowed by light exposure for the time and exposure energy de-

scribed by the text file.

C. PµSL process model

To better understand the polymerization process, we de-

veloped a numerical model similar to the one described in

Ref. 18. A series of coupled reaction-diffusion equations

described the three stages of the curing process: photo-

initiation, propagation, and termination, whereas the light at-

tenuation was modeled after the Beer-Lambert law. The in-

dependent variables included monomer, photo-initiator, and

radical-terminated chain concentrations, light intensity, and

temperature. The propagation and termination rate constants

as a function of the amount of cross-linking were measured

with differential scanning calorimetry.19 The system of equa-

tions was solved on a tetrahedral mesh representing the resin

bath with the COMSOL multiphysics software package.

III. RESULTS AND DISCUSSION

A. Photon flux and time study

Experiments were conducted to study the effect of poly-

merization depth against exposure time and light intensity

projected onto the liquid surface. In order to fabricate three-

dimensional structures with controlled part thickness and ge-

ometries, the polymerization depth under different conditions

needs to be measured. This provides the user with an under-

standing of what conditions must be used to produce free-

standing layers of different thicknesses. A time study and a

power study were conducted. We compared this information

to our simplified model to test its predictive ability.

An array of overhanging bridge structures was fabricated

with array of exposure dosage through varying light inten-

sity and exposure time (Figure 5, inset). Each bridge layer

represented one polymerization layer and the mean thickness

of a given layer was taken to be the polymerization depth.

Figure 5 shows the variation of polymerization depth as a

function of total exposure dosage E (mW s/cm2) received

from the monomer. This was done by varying the polymer-

ization time and light intensity. The results indicate that the

polymerization depth is linearly proportional to the natural

FIG. 5. Photon flux versus polymerization depth. The curing depth increases

linearly with natural logarithm of exposure energy. The inset is the suspended

multiple-bridge structure for curing depth measurement with multiple flux-

exposure time combinations. The experimental condition was 0.4% oxygen,

0.8 Sudan1, and 2% photoinitiator.

logarithm of UV exposure energy, which is in good agree-

ment with the numerical model.

B. Photo-absorber

Sudan 1 is a photo-absorber that limits the exposure depth

and spread of polymerization and increases the threshold light

flux required. This decreases the sensitivity and makes it more

difficult for stray light to polymerize the solution, effectively

increasing the contrast of the system. This increases the effec-

tive contrast ratio and reduces the minimum layer thickness,

which brings the system closer to its maximum theoretical

resolution.

To control polymerization depth, the light absorber, Su-

dan 1 (1-phenylazonaphth-2-ol) was mixed with the liquid

pre-polymer and the curing characteristics of the solutions

were examined. Sudan 1 also has the effect of reducing the

reaction rate by limiting the number of available photons.

Based on these results, several complex 3D microstructures

with overhanging features were fabricated to illustrate the ef-

fects of light absorber concentration on part fabrication. The

sensitivity of polymerization depth to photo-absorber concen-

tration is illustrated in Figure 6. For a constant light flux and

exposure time, the cure depth decreases with an increase in

UV absorber. A saturation point was reached when the con-

centration of photo-absorber is close to 2% by weight.

C. Parameter sensitivity

An analysis of the sensitivity plot shown in Figure 6 pro-

vides information regarding which parameters are most im-

portant in controlling polymerization depth. We fabricated a

matrix of overhanging bridge structures with an array of nor-

malized parameters, i.e., exposure flux, exposure time, and

photo-absorber concentration (Sudan 1) against polymeriza-

tion depth measured with a scanning electron microscope
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FIG. 6. Fabrication parameter sensitivity on curing depth. The dotted lines

are numerical predictions. The solid lines are experimentally measured poly-

merization depths against normalized system parameters.

(Hitachi S800 SEM). Figure 6 shows the effect of four sets

of control parameters on the polymerization depth measured

from suspended multi-bridge structures shown in the inset of

Figure 5. The effect of photo-absorber, light flux, and expo-

sure duration are all numerically and experimentally studied.

The plot indicates that light intensity and photo-absorber

concentration had the greatest effect on exposure depth. An

increase in light intensity will produce a deeper polymeriza-

tion for a given exposure time. For a constant light flux and

exposure time, the polymerization depth will decrease with

an increase in photo-absorber. With a constant photo-absorber

concentration, the polymerization depth marginally increased

with an increase in photo-initiator. This suggests that limited

gains will be achieved by using more than the 2% photo-

initiator concentration in this study.

D. Oxygen inhibition

In addition to the propagation and termination reactions,

oxygen in the reaction volume acts as a radical scavenger and

inhibits the propagation and termination steps of the reaction

mechanism. Loss of radicals to oxygen is a problem that is

pervasive in free radical polymerization reactions. Oxygen

competes strongly for the radicals to form a stable peroxy

radical. Until most of the oxygen in the reaction volume has

been used via reaction with radicals, there is very little con-

sumption of the monomer. The concentration of oxygen in

the ambient atmosphere was monitored using an oxygen sen-

sor from Ocean Optics and controlled by tuning and stabi-

lizing a N2 flow into the fabrication chamber. Figure 7 illus-

trates the effect of oxygen on polymerization depth. As the

concentration of oxygen increases, the oxygen serves as the

threshold on photo-polymerization as it competes for radicals

with monomer consumption. Thus, the effective control of

oxygen concentration is critical to controlled and repeatable

fabrication.

FIG. 7. Variations of polymerization depth with change in ambient oxygen

concentration. The exposure power was set as 0.809 mw/cm2 for a time du-

ration of 30 s, Sundan1 concentration was 0.8%.

E. Fabrication of three-dimensional structures with
complex architectures

The PµSL system is capable of manufacturing a variety

of three-dimensional structures with precise control of geom-

etry. Figures 8(a)–8(d) illustrate the ability to fabricate arbi-

trary three-dimensional overhanging structures with defined

complex curvature, multiple suspending structures, and cel-

lular structures such as micro-lattice architectures and porous

materials which were not achievable by previous 3D fabri-

cation techniques. No current technology is able to rapidly

FIG. 8. Complex three-dimensional structures manufactured with the PµSL

system. (a) Micro-gripper structure with overhanging gripper and pre-defined

curvature. (b) Micro-lattice unit cell structure. (c) Porous structure with

tetrakaidehedron unit cell architecture. (d) 5 × 3 × 3 mm3 porous structure

assembled from multiple porous unit cells from (c) using the step-and-repeat

process.
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FIG. 9. Schematic illustration of the step-and-repeat process. (a) Exposure

of sub-area. (b) Exposure of the next sub-area after stage lateral movement.

(c) Stage moves down and new layer of pre-polymer resin flows over and set-

tles on top. (d) Exposure of new sub-area. (e) Exposure of the next sub-area.

(f) Stage moves down and process repeats.

and sustainably produce such structures with optimized three-

dimensional architectures at the meso- and micro-scales while

also being flexible enough to vary the geometry from part-to-

part.

In addition, the fabrication system can be expanded to

manufacture meso-scale structures (ranging from mm to cm

in length) with micro-scale architectures. This will expand

far beyond the fabrication area of the previous (up to 1 mm

× 1 mm) 3D fabrication techniques. This was achieved by

a step-and-repeat process. The total fabrication area was di-

vided by the maximum projection area into multiple sub-

areas. When fabricating one layer with multiple subareas, af-

ter exposure of one sub-area, the LED light turns off and the

translation stage moves horizontally to the next sub-area and

the exposure process continues. This process is repeated until

all sub-areas have been exposed. After the completion of one

layer, the translation stage steps down and the same process

is repeated. Figure 9 illustrates this process and a large scale

structure with micro-scale tetrakaidecahedron20, 21 is demon-

strated in Figure 8(d).

IV. CONCLUSIONS

This paper discusses the design and optimization of

a projection micro-sterelithography system for fabricating

highly complex three-dimensional micro-scale structures un-

achievable by other fabrication technologies. The core of the

system was based on an LCoS chip used as a dynamic digi-

tal mask with a UV LED light source. Images were projected

onto a UV curable resin bath enclosed in an environmental

chamber with precisely controlled ambient oxygen concen-

tration. To investigate the effects of various process control

variables, an experimental parametric study was performed

to determine those that were most important. The effect of

oxygen content on polymerization depth was found to have

inhibiting but minimal effect on part quality as compared to

other control parameters. The sensitivity predicted by a pro-

cess model was comparable to the depth variation observed

in the manufactured parts. The optical intensity and photo-

absorber concentration are identified as the most influential

factors. Finally, we demonstrated the utility of the optimized

system by producing a variety of micro-structures with com-

plex geometries and explored the potential of using the system

to build meso-scale structures with micro-scale architecture.

These achievements pave the way for large scale micro- and

nano- manufacturing that extends the current state of art of

three-dimensional fabrication technologies.
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