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Abstract

Exposure Controlled Projection Lithography (ECPL) is a mask-projection
stereolithography process which can be used to create micro lenses on flat or curved substrates.
In the ECPL process, the ultraviolet light patterned by the dynamic mask passes through a
transparent substrate to cure the photopolymer resin to a certain shape. The dimensions of the
part can be controlled by the exposure time and functional pixels in the dynamic mask. In this
paper, a modified process planning method is presented with the considerations of post-
processing and oxygen inhibition, which can vary part dimensions significantly. The effects of
post-processing and oxygen inhibition are studied and characterized. The accuracy of the lateral
and vertical dimensions of the cured part are improved by the revised method. Experimental
validation is obtained by fabricating samples using the ECPL system.

1. Introduction

Exposure Controlled Projection Lithography (ECPL) is an additive manufacturing
process where components are solidified in a photopolymer resin by ultraviolet light. The ECPL
process is a similar system as the Masked Projection Stereolithography process (MPSLA) [1]
except that the curing of the photopolymer resin occurs by passing light energy through a
transparent substrate. With control of the light intensity profile and curing time, the vertical
shape of the sample will be fabricated instead of layer-by-layer approach used in
Stereolithography (SLA) process. The dimension of the sample can be controlled by the
exposure time and functional pixels in the projector. To project functional pixels, a series of
binary bitmap images are used. Recently researchers such as Erdmann et al. [2] and Mizukami et
al. [3] have developed similar techniques as the ECPL process. However, the knowledge of
controlling the process to achieve high accuracy and precision in the final cured shape was not
presented.

The revised process planning method to control the lateral dimensions of the cured part in
the ECPL process with consideration of a ray tracing model and photopolymerization kinetic
model was presented by Jariwala et.al.[4]. The cured results showed a significant deviation with
simulation results in dimensions. Therefore, a hypothesis was developed by Jariwala et.al [5] that
the effect of oxygen diffusion and inhibition should be considered during the polymerization
process. The revised process planning method provided better control of the curing results.

346



However, the accuracy was still not satisfied and the model was not suitable for all cases. In
order to improve the accuracy, a similar process planning method with revised rate constant was
presented by Jariwala et.al [5]. A unique process planning approach was demonstrated which
simulated the empirical models in the COMSOL software package and then formulated in
MATLAB software to simulate the entire curing process. With the experimentally validated rate
constant, the error between simulation and experiments was still around 15%.

In this paper, rate constants were revised again with experimental validation. The
irradiance model was modified to fit the experimental data. Furthermore, the effect of post-
washing process was studied and reduced to an insignificant level. The revised process planning
approach is presented and results demonstrate significant improvements in part dimensional
accuracy.
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apply through the beam expander to

expand the laser beam diameter. Then the light passes through the diffuser to enlarge the
diameter and homogenize the beam’s intensity and the collimating lens to collimate the light.
After that, the UV coated mirror will be used to direct the light on a dynamic mask, which is the
DMD projection system. The projection system is used to enlarge or reduce the image presented
on the DMD and project it on the resin chamber. The part is cured in the resin chamber, which
consists of two glass slides and a spacer which is shown in Figure 2. The uncured monomer resin
is loaded inside. Glassslide

/ Uncured

3. Existing ECPL Process Background Cured ;I E Monomer
Part — Spacer

3.1. Irradiance Model

\ Glassslide
The ECPL system is analytically modeled [ [ T L\ UVirradiation

in two phases - Irradiance Model and Figure 2: Schematic of the resin chamber [9]
Photopolymerization Model. The irradiance

model models the irradiance received by the resin in terms of the process parameters and is
presented in detail in Jariwala et al. [6]. The UV Light energy is the primary energy source in the
ECPL system. The total amount of energy is controlled by the exposure time and by the size of
the irradiated region, given by the size of the projected bitmaps. The exposure (units of
energy/area) is referred as the total amount of UV energy incident per unit area. The total dose of
energy provided to the resin is regulated by the distribution of irradiance at the substrate level.
The relationship between the irradiance distribution on the DMD chip and the substrate of the
resin chamber was investigated as the irradiance model in Jariwala et al. [6]. The irradiance
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Photopolymerization is the

reaction of monomers or macromers to produce solid polymeric structures by light-induced
initiation and polymerization [7]. Most Stereolithography (SL) resins contain acrylate monomers.
For an acrylate resin system, the usual catalyst is a free radical. In Stereolithography, the radical
is generated photo chemically. The source of the photo chemically generated radical is a photo
initiator, which reacts with an actinic photon. This produces radicals that catalyze the
polymerization process. According to Beer-Lambert’s law of absorption, the exposure (mJ/cm?)
decreases exponentially with depth [8].

-z

E(z) = Epngye® (1)

where Dy is the resin “penetration depth” (a resin parameter) at the given wavelength and Emax IS
the exposure at the surface of the resin (z = 0). Z is the cured part height. Based on experimental
observations, this model was modified in [3, 4] as follows:

72~ D *1(%*_ 1-2pk )

Dps

where Ec is the critical exposure (exposure threshold that induces photopolymerization), Dep is
the penetration depth through liquid resin, and Dps is the penetration depth through solid resin.
The parameters Ec, Do and Dps are usually fit to experimental data at a specific resin
composition and cure intensity. Moreover, this empirical model was found not to be adequate to
predict the actual reaction inside the resin. The diffusion effects of oxygen were investigated to
have significant effects on the size, shape and properties of parts fabricated by Stereolithography
[9] and were incorporated into the kinetic model of the ECPL system. The model incorporates
the chemical reaction inside the resin with oxygen diffusivity. The polymerization kinetic model
is presented briefly as follows. The concentrations of photoinitiator [In], radicals [R-], unreacted
double bonds [DB], and oxygen [O2] were modeled in the kinetic model. The reactions
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considered by them were as follows [10]. When the photopolymer resin receives light energy, the
photoinitiator absorbs it and decomposes into two radicals with first order rate constant of Kg,

Kd
In - 2R~ (3)

The initiator decomposition rate, Kd, is well known in literature and is modeled as a function of
the local intensity, which varies with depth (following the Beer-Lambert Law) [11]

2.3DeA —
Kd — e Ioe( 2.3¢[In]z) (4)

where 0<¢<1 is the quantum efficiency of the photoinitiator, Na is Avagadro’s number, h is
Planck’s constant, and c is the speed of light. The molar absorptivity of the resin, ¢, depends
upon the source wavelength A. The depth inside the resin is z. The kinetic equation of the
initiator can then be given as,

da[l
L = —Kq[In] (5)
The radicals can then react with the double bonds to form longer chains, or form a dead radical

or be quenched with dissolved oxygen as depicted by the following three equations.

K
R-+DB SR - (6)
Kt
R-+R:— Rdead (7)
K
R +0; ~3 Ryeqq ®)

Rdead IS Species produced that destroys one or more radicals. The rate constants used are K, for
propagation of a radical through an acrylate double bond, K: for termination between two
radicals, and Kt o2 for termination of a radical with an oxygen molecule. R* is non-propagating
radicals.

The overall rate of initiator decomposition, Ri, is modeled by multiplying the rate constant Kq by
the initiator concentration [In]

Ri = Kq[In] ©)

The kinetic equations for the double bond [DB], live radicals [R-] and oxygen [O2] can be given
as follows:

% = 2kgl(2)[In] — 2kq4[R 1% — k¢ 0, [R-1[0,] (10)
d[ff] = —kp[R-][DB] (11)
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3%[0,]
dz2

= —k¢,,[R1[02] + Do, (12)
The effect of oxygen inhibition and diffusion was explicitly modeled in Eq. 12. Due to the high
diffusivity of dissolved oxygen in the photopolymer resin, it was assumed that the oxygen would
primarily diffuse from uncured top layers of the sample chamber down to the curing front,
competing with double bonds for radicals and significantly slowing down the rate at which the
double bonds are converted, thus increasing the gel time. This equation was modified to account
for oxygen diffusion in two dimensions as shown in Eq. 13.

0[0,]
at

02[0,] a%[o
= —ke 0, [R-1[0,] + Do, =22 + Doy, T2

dx2

(13)

The researchers estimated the rate constants, Ki, Kp & Kto02 by fitting the simulation results with
the experimental data from Fourier-transform infrared (FTIR) experiments[9]. They had
suggested that the individual rate constants are not unique and may vary. Since the FTIR
experiments were conducted at 100 times the intensity of the light used in the ECPL system, it is
possible that the effect of oxygen inhibition and diffusion was not adequately captured using the
presented rate constants. Hence, these constants were varied to suit the ECPL experimental
conditions. Constant rates used for the current system will be specified in the section 5.

3.3. Process Plan Formulation

The existing process planning methods for ECPL system are discussed in Jariwala et al.[9]
In this work, process planning is used to estimate the exposure times and corresponding bitmaps
for the desired part shape and dimensions. MATLAB and COMSOL software are used in the
process planning. Part shape and dimensions are provided as inputs. The process planner first
estimates the bitmap and exposure time for the first layer. Then, the program will connect with
COMSOL to modify the time by simulating the effects such as oxygen inhibition and diffusion.
After that it will calculate the exposure time for next layers in the same method. The flowchart
for estimating the first set of process inputs and subsequent set of process inputs are shown in
Figures 4 and 5, respectively. With reference to Figure 4, the first bitmap and exposure time
were estimated by optimizing the cured part edge. It is to be noted that the primary function of
the first bitmap is not to cure the entire part geometry, but to cure the base and the corresponding
edge of the desired part. For the subsequent layer process shown in Figure 5, the inputs are the
bitmap for the first “layer” and the corresponding exposure time and the desired cured part
geometry. The dotted lines show the simultaneous dependence of the optimization module on the
system module and the material module. The dashed lines show the iterative nature of the loop
and the process stops when the entire desired part geometry is cured completely (within a pre-set
threshold).

4. Revised Irradiance Model
The existing irradiance model has been demonstrated to be able to predict the exposure
profile on the substrate level very well. Experimental validation was also reported in Jariwala et

al [8]. However, the experimental validation was provided by projecting a large pixel size bitmap
with 5, 10 and 30 seconds exposure time. As Figure 6 shows, the top region of the irradiance
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Figure 5: Flowchart for estimating
subsequent set of process inputs [9]

model has much more variation than the bottom part, which means that for small amount of
curing time, the irradiance model can not estimate the exposure profile to a high degree of
accuracy. It will work for cylindrical parts which have no limitations in curvature. However, for
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spherical lens and aspheric lens, the curing time 7 T 1 T 1
for each “layer” will be less than 2 seconds, —i ; e
which will induce more difference between the

simulation results and experimental results. ——f— - |
Figure 7 is an aspheric lens example of the I | i) ' \
experimental results. The figure shows that the _| I I
dimensional error between simulation and Figure 6: cropped view of the top region of
experiment increases with the decreasing Figure 3

desired height which is also related to the

exposure time. Hence, the irradiance model

needs to be improved to fit the experimental data. Figure 8 shows the comparison of revised
irradiance model and previous irradiance model. The blue lines show the old irradiance model
and the red lines indicate the new irradiance model.
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Figure 7: Dimensional error vs. sample height
5. Revised Rate Constant

In our previous work, significant differences were observed between simulation results
and fabricated parts, as shown in Figure 9. Cross-sectional profiles of cured parts as obtained
from 3D laser confocal microscopy are plotted along with simulated part profiles. All samples
were exposed at the same intensity for an exposure time of 30s with different pixel size. Results
suggest that parts with large diameters can reach the same height for the same amount of
exposure time, but for small diameter parts, the reached heights decrease with decreasing
diameter. Simulation results cannot accurately predict the case.

With a new UV source, the UV light intensity was changed from 140 to 210 W/m?. Due
to this change, new rate constants for propagation and termination were fit to data measured from
part fabrication experiments. The physical parameters, experimental conditions and the fitted
rate constants in the study are presented in Table 1. In addition to the change in UV intensity, it
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was found that the intensity was not stable in the lab, so the light intensity is measured every
time before doing experiments.

Evan after this work, it was observed that the rate constants shown in Table 1 only
worked for the large pixel bitmaps (greater than approximate 200 um in diameter). Therefore, to
fabricate accurate small parts, process plans have to be manually modified. The process is well
understood enough that such manual modifications do enable simulation results to match the
experimental results.
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Figure 8: Examples of revised irradiance model
6. Effect of Post Processing

The post-process is referred as washing process in the ECPL system. It is used to
transform the cured part into a finished product. After the cured part is fabricated, the cured
sample is still submerged to the uncured resin in the resin chamber. The uncured resin needs to
be removed by gently washing. An inappropriate washing method can lead to damage of the
cured gel boundary and also the surface of the sample. The washing method developed in the
ECPL system is to use a solution of water and Triton-X to gently remove all traces of uncured
monomer, and then apply water to clear the surface. Various solvents such as acetonitrile, hexane,
ethyl acetate and a solution of water and soap were also tried. The solution of water and Triton-X
(soap solution) is found to be the most effective and repeatable way to clean the samples. As
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Figure 10 shows, a good washing method can provide a clear, smooth and clean surface, but for
bad washing methods, the surface is very rough and looks like a moon face. However, the
current washing method will still wash off partial cured resin. The outside layer of the sample
will be sticky and easily to be removed especially for smaller samples based on the experiments.
Therefore, in order to reduce the effect of post processing, a dimensional adjustment will be
applied before inputting the design specification into the process planning program.

Table 1: Physical parameters used in this study

Parameter Value |Units Source
Quantum efficiency of radical, ® 0.6 - [17]
Molar absorptivity of photons at 365nm wavelength, ¢ 15 m?/mol  |[17,18]
UV light Intensity, |, 210 W/m? experimental
Molecular weight of Monomer, TMPTA 296 g/mol Sartomer
Molecular weight of Photoinitiator, DMPA 256 g/mol Ciba
Rate constant for propagation reaction, Kp 1.66 m>3/mol-s |Modified from [15]
Rate constant for termination reaction, Kt 1.31 m>?/mol-s |Modified from [15]
Rate constant for termination via oxygen quenching, K, o, 125 m*/mol-s |Modified from [15]
Diffusion coefficient of Oxygen, D, 1.00E-10 [m?/s [19]
Initial concentraton of Oxygen, [0,], 1.05 mol/m?> [20]

—90px —60px 30px —20px

Cured part height (microns)

240 200 160 120 Y %0 ) 4 =0
Cured part width (microns)

10px

Figure 9: Different pixels with the same amount of exposure time [12]
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Figure 10: Sample surface with good post processing (right) and bad post processing method
(left)

7. Experimental Validation

A set of 42 different part shapes and sizes were investigated in order to test the revised
process planning method. This set contains both cylindrical and aspheric parts with diameters
ranging from 200 to 590 um and heights ranging from 60 to about 122 um. In Section 7.2, one
specific case of an aspheric lens is investigated in detail.

7.1 Set of Cylindrical and Aspheric Parts

In order to validate the process planning method with revised irradiance model, revised
rate constant and consideration of the effect of the post processing, a large number of cylindrical
and aspheric parts were fabricated and measured. Matlab scripts were written to encode the
revised process planning algorithm. The bitmaps and exposure time will be obtained after
entering the desired geometry. By projecting the bitmaps through the ECPL system, samples
were fabricated, then washed and measured using the LEXT 3D confocal microscope. The
experiments and results are presented in Appendix A. In our case, the geometry height and
diameter were mainly focused. The desired part height and width, experimental height and width,
error between the simulation and experiment in both height and diameter and the error
percentage were listed in the table. One sample from the table will be investigated in the
following section.

7.2 Test Case

The desired geometry is an aspheric lens with 200 micrometers in diameter and 65
micrometers in height. The conic constant is -1. After running the process planner on this
geometry, the bitmaps and exposure times were computed, as shown in Figure 11.

The experimental results are shown in Figure 12. A 20X microscope objective was used
to obtain the dimensional height and diameter, but measured points along the profile had
significant noise. Therefore, the 50X microscope objective was used to get the geometry profiles.
The figure shows the comparison of desired geometry and experimental result in half-sectional
view.
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Figure 12: Comparison of the half-sectional profiles
of the cured part sample and the desired part
geometry

It was observed that the experimental result matched the desired geometry very well. The
cut-off edge error, between 90 and 100 um in the graph, was likely caused by microscope

measurement problems associated with steep part geometry. We can see the edge clearly when
the other objective was used.

Overall, from the entire table in Appendix A, compared to the previous published results
[9], it can be concluded that the current revised processing method with the consideration of the
oxygen inhibition and post processing yields much better results. The deviation of part height

between the simulation and experiment is less than 10% and the deviation in the diameter is less
than 5% which was expected.
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8. Conclusion

This paper presented a revised process planning method for the ECPL mask-projection
stereolithography process with the consideration of oxygen inhibition and post processing. The
rate constants of the polymerization model and irradiance model were modified according to the
experimental data. By using COMSOL and MATLAB software to simulate the ECPL process,
the bitmaps and exposure time which are needed to cure the desired geometry were obtained. As
all the experimental result demonstrate, the simulated height and diameter can predict the
experimental result fairly well. The error is less than 10% in the height and 5% in the diameter.

In order to reduce the error percentage to our demands: less than 5% in both dimension,
future improvement need to be investigated. Due to the limitation of the COMSOL, neural
network may be used to set up the statistic model to get better results.
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