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Enhanced Schlieren System for
In Situ Observation of Dynamic
Light-Resin Interactions

in Projection-Based
Stereolithography Process

Digital maskless lithography is gaining popularity due to its unique ability to quickly fab-
ricate high-resolution parts without the use of physical masks. By implementing controlled
grayscaling and exposure control, it has the potential to replace conventional lithography
altogether. However, despite the existence of a theoretical foundation for photopolymeriza-
tion, observing the voxel growth process in situ is a significant challenge. This difficulty can
be attributed to several factors, including the microscopic size of the parts, the low refrac-
tive index difference between cured and uncured resin, and the rapid rate of photopolymer-
ization once it crosses a certain threshold. As such, there is a pressing need for a system that
can address these issues. To tackle these challenges, the paper proposes a modified Schlie-
ren-based observation system that utilizes confocal magnifying optics to create a virtual
screen at the camera’s focal plane. This system allows for the visualization of the minute
changes in refractive indices made visible by the use of Schlieren optics, specifically the
deflection of light by the changing density-induced refractive index gradient. The use of
focusing optics provides the system with the flexibility needed to position the virtual
screen and implement optical magnification. The researchers employed single-shot
binary images with different pixel numbers to fabricate voxels and examine the various
factors affecting voxel shape, including chemical composition and energy input. The
observed results were then compared against simulations based on Beer—Lambert’s law,
photopolymerization curve, and Gaussian beam propagation theory. The physical experi-
mental results validated the effectiveness of the proposed observation system. The paper
also briefly discusses the application of this system in fabricating microlenses and its advan-
tages over theoretical model-based profile predictions. [DOI: 10.1115/1.4062218]
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1 Introduction

Additive manufacturing (AM) is a disruptive technology that has
paved the way for numerous applications ranging from sub-micron
part fabrication to large-scale product manufacturing. It has been
gaining popularity over the years owing to its distinctive ability
to produce intricate structures with high resolution, customizability,
and speed. Projection-based stereolithography (PSL) is one such
technique that utilizes light projection to polymerize materials
layer by layer [1]. It leverages the versatility of polymer chemistry
and digital light patterning to produce complex parts with program-
mable optical, electrical, mechanical, and biomedical properties [2—
4]. Compared to other AM processes, PSL has significant advan-
tages, particularly in high resolution and accuracy. The printing res-
olution is governed by the light intensity, exposure time, material
properties, and light—material interaction [5]. Despite these advan-
tages and the growing enthusiasm, implementation in a manufactur-
ing environment, especially on the sub-millimeter scale, has lagged.
Some of the common problems include the limited understanding of
the fundamentals of polymerization, the effect of additives, and
energy-time dynamics.
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The PSL process is a photopolymerization process where liquid
photopolymers containing monomers and oligomers can be manip-
ulated to achieve specified physical properties following a multi-
stage dynamic process. In order to improve the printing resolution,
it is essential to understand the light-material interaction for each
layer and how parts grow through layers. Scientists have long
relied on the theoretical understanding of how photopolymerization
works and have developed empirical relations of the curing process.
The preliminary investigation on understanding the photopolymer-
ization process was detailed in the early 60 s [6]. The chemistry-
based models discussed in the research described how the initiation
and propagation phase progresses. Though this was essential
research considering its significance in acrylate-based coatings, it
was not until 1974 that photopolymerization was used for AM
[7]. Due to the complex chemical reaction process, the research
on the polymerization process for PSL is still limited to the bulk
polymerization models to understand the underlying mechanism
and optimize the printing process. Conventional models designed
for a large number of pixels fail to understand how a single-pixel
or a small number of pixels grow, which plays a vital role in con-
trolling the process resolution and accuracy. Furthermore, while
these models were based on experimental data collected over the
years, observing them in real-time is still challenging. The models
are based on ideal conditions, but numerous other factors
affect the process in practice. Despite the long history of vat
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photopolymerization techniques, an understanding of how the poly-
merization process takes place is still lacking.

The in situ experimental verification is challenging due to the low
refractive index of the polymerized part. It is challenging to observe
the part with the naked eye as well as cameras due to the low refrac-
tive index difference between the cured part and the resin. Semi-
cured gel-like resin is more difficult to observe, and distinguishing
the cured, semi-cured, and uncured components is very challenging
if not impossible with current approaches. An observation system
with adjustable focal length and relatively shorter depth of focus
is required to observe this tiny part (cured by a single or a small
number of pixels) growth. Observation systems with a shallow
depth of focus often require them to be placed very close to the
object, which is challenging as the part is inside the vat during
the printing process. The polymerization process is dynamic, non-
linear, and extremely rapid once the energy threshold is crossed.
It is highly desirable to develop a high-efficiency, high-fidelity
system to observe the nonlinear and dynamic process in real-time
to understand the photopolymerization mechanism and accordingly
calibrate and optimize the PSL system to achieve improved resolu-
tion and efficiency.

Digital cameras can observe parts that are fairly large and sur-
rounded by media with a lower refractive index [8]. Most current
approaches cure the resin with different exposure dosages and then
clean the parts for observation [9]. This approach is tedious and
error-prone, and more importantly, it cannot capture the semi-curing
process, which is an important factor in defining the surface finishing
of the printed part. The refractive index changes can provide an
implication about the amount of polymerization. The in situ refrac-
tive index measurement setups are quite complex and need to be
inserted in the vat [10]. Total internal reflection (TIR)-based refrac-
tive index measurement is popular, but it uses a laser-based system
that is difficult to set up. It is also limited by the fact that it can
measure the refractive index of the complete region under consider-
ation rather than focusing on a small region of interest [7]. Some in
situ measurements rely on the functional groups present in the media
under consideration. It uses the optical properties of the media; i.e., it
absorbs a particular wavelength and disperses others. In the PSL
process, as there is no significant change in the functional groups,
this technique is not suitable [11]. Individual pixel size is too small
to be seen by the naked eye. Current observation systems lack the
sophistication to observe such small parts inside a multi-material
system. Micron-scale features require highly focused images. Obser-
vation systems using a beam splitter and a complementary metal-
oxide semiconductor (CMOS) camera were designed to observe
the focal plane. Though such a system was capable of achieving
focused images, it cannot capture the voxel growth [12,13].

We hypothesize that a system with low refractive index contrast,
high magnification, and adjustable focus can address these chal-
lenges. We propose a modified schlieren optical system based on sha-
dowgraph. Shadowgraph is an optical method that can uncover
irregularities in transparent media by utilizing the bending of light
due to achange in refractive index [14]. This gradient of the refractive
index is directly related to the gradient of flow density. This tech-
nique is relatively simple in terms of required equipment, as it just
requires light and a screen to capture images. In principle, the
system just requires light and a screen to record the images. A
shadow is generated as the light ray is refractively deflected, so the
position on the plane where the undeflected light ray would arrive
now remains dark. At the same time, the region where deflected
light arrives now appears brighter, and a visible pattern of contrast
is now produced on the imaging plane. As it is just governed by
light, by adjusting the distance between the object and the imaging
plane, we can account for a wide range of refractive index changes.
Schlieren optics have long been used to observe fluid flows with
varying densities, which allows us to observe semi-cured resin.

A simple shadowgraph can provide us with the ability to observe
high-contrast images but fails to address the challenge of imaging
small parts. We propose a two-level magnification system to
address this issue. Higher magnification requires a shallower
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depth of view. The magnification for observing a part that is a
few microns in width comes with a focusing depth of a few milli-
meters. For vat polymerization, it is not possible to achieve this
with conventional approaches due to the system’s inaccessibility.
To address this issue, we propose a system that uses a virtual
plane to focus the image, which is later magnified to the required
degree using confocal optics. The confocal optics result in greater
resolution, ability to control depth of focus, and reduction of back-
ground information away from the focal plane. Our system focuses
on capturing high-density information in the small observation
window to balance the capturing speed and resolution.

The proposed system in this paper has a high potential to capture
real-time high-contrast images during the PSL photopolymerization
process. It will provide significant insights into the process under-
standing and allow for real-time characterization and closed-loop
control of the part growth. It will prove to be a vital tool for calibra-
tion and present a systematic approach to identifying curing param-
eters like exposure energy, curing time, the effect of dye
concentration, and the effect of pixel interactions. The calibrated
parameters and formulated models can be incorporated to facilitate
process optimization and mask image planning. It will also provide
a physical verification tool to validate the photopolymerization the-
ories that have been adopted in the community for decades.

The remainder of the paper is organized as follows: Sec. 2 dis-
cusses the theoretical foundations and simulations for photopoly-
merization. Equations governing light beam propagation and
photopolymerization have been detailed. Section 3 introduces the
experimental setup and presents a novel design for a schlieren-
based optical system for voxel observation. In Sec. 4, the simula-
tions and robustness of the observation system are validated
against the voxel growth experiments, followed by a discussion
of insightful results. Finally, Sec. 5 summarizes the achievements
and briefly discusses potential opportunities for future work.

2 Theoretical Foundations

PSL is one type of vat polymerization-based stereolithography
process that uses ultraviolet (UV) light in the form of patterned
images to selectively cure a photosensitive polymer in a layer-
by-layer fashion. Traditional stereolithography uses a galvo-mirror
to scan a UV laser beam across the surface of a resin vat to initiate
polymerization. However, the laser-based process is limited by the
size of the laser spot and requires serial scanning, which results in a
slower printing speed. PSL, on the other hand, uses a spatial light
modulator, such as a digital micromirror device (DMD) or liquid
crystal device (LCD) to project a light pattern over the entire print-
ing area, therefore is significantly faster owing to the parallel
process [15]. As the patterned image is projected onto the resin
surface, the light defined by the image cures the resin once
sufficient energy is absorbed by the materials. Such a photopoly-
merization process is related to a variety of parameters, including
light wavelength, light intensity, exposure time, and light-resin
interaction.

2.1 Light Irradiance and Light-Resin Interactions. In the
PSL process, the lateral resolution is primarily controlled by the
input light irradiance, including the light pattern, intensity, and
time. Due to the diffraction inefficiency and dark-field diffusion
caused by the projection device, the light beam of each pixel
spreads to its neighboring pixels, the pixels in the image are Gauss-
ian distributed rather than uniformly distributed, and the light beam
will spread to its neighboring pixels such that the received light
energy at each location in the working area is contributed by mul-
tiple pixels [16-18]. The light intensity at each location (x, y) of
the material’s top surface can be calculated by Eq. (1)

2 2
1r,y.00= Y Ii,jexp{—[()c_”) +<u> “ )
(x;, )ES Ox Oy
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where (x;, y;) € S are the locations of the pixels which can cover
(x, y), I;; is the light intensity at the center of the pixel (x;, y;), o
and o, are parameters for the Gaussian profile.

The vertical resolution is related to the curing depth and is pri-
marily controlled by the optical properties of the light traveling
through the material and the chemical properties of the material.
The curing depth largely depends on the reaction kinetics of the
photo-initiator and polymer and is governed by Beer—Lambert’s
law [19]

E 1
Cd = Dp In (E) B Dp =—, O = Qitiator T Xabsorber (2)
c a

where C, is the curing depth, D,, is the penetration depth related to
the light absorption coefficient @ of the material, E. is the critical
exposure energy, and E is the exposure on the resin surface,
which is the product of the light intensity and exposure time.
Based on Eq. (1) and the reversed form of Eq. (2), the light inten-
sity at each 3D location (x, y, z) of the material can be written as

I(x, y,2)=1I(x, y, 0) exp{_Di} 3)
P

The total exposure energy during the time period ¢ is shown in
Eq. (4), which defines the exposure energy received in the 4D
space (x, y, z, t) of the material

E(x,y, z ) =1(x, y, 2)t “

The surface where the energy is equal to the critical exposure
energy E,. is naturally the predicted profile of the to-be-fabricated
structure, which can be expressed in the following implicit formula:

E(x,y,z. ) =E. = z=f(x,y) (&)

By integrating Eqgs. (1)—(5), an energy-based mathematic model
can be formulated to establish the relationship between the geome-
try (shape and size) of the cured feature and the input parameters
(pixel grayscale values, exposure time, and photo-absorber dose).
In particular, a single pixel with a Gaussian profile generates a
paraboloid shape, as shown in Eq. (6), which can be trivially
derived from Egs. (1)—(5)

Imax
x2+y2+z=Dpln<E ) 6)

2.2 Photopolymerization Simulation. Based on the afore-
mentioned theories, a PSL photopolymerization simulation tool
was developed to study the relationship between the cured profile
and the input process and material parameters. Figure 1(a) shows
the ideal top-hat profile of a single pixel, where the top part along
the energy axis represents the exposed energy on the top surface
of the resin, and the bottom part along the depth axis represents
the cured profile under the received energy dose and the critical
energy E.. In contrast, Fig. 1(b) shows the Gaussian profile of the
actual pixel and the curing profile in the paraboloid shape.
Figure 1(c) shows the pixel blending effect of multiple overlapped
pixels [5]. The top curve along the energy axis represents the accu-
mulative energy (Eq. (1)), and the bottom curve along the depth
presents the curing profile with a top-hatted paraboloid shape.

Figures 1(d)-1(e) explain the simulated relation between the
curing profile and the input parameters. Along the vertical direction,
the irradiance decays from the maximum energy at the resin surface
into the resin following an exponential function defined in Eq. (3)
and shown by the red curve in Fig. 1(e). Ideally, the locations in
the resin where the energy equals the critical energy E. defines
the curing profile as shown in Fig. 1(d). However, in reality,
voxels contain photopolymers that are fluxing between stages of
the photopolymerization process: going from liquid to their gel
point and then on toward their full cross-linking density. A
portion of the energy input is used to neutralize oxygen-free radi-
cals, which starts short-chain polymerization that eventually leads
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to long-chain polymerization. The short chains produced form a
semi-solid gel that plays a crucial role as a transitional phase
between liquid and solid states. The critical threshold at which
this gel phase occurs is represented by E, in Fig. 1(e) and dependent
on the particular material being used. In practice, the gel region is
more complicated than just a threshold point; the amount of gelation
governs the part quality [20]. The top curve along the polymeriza-
tion axis in Fig. 1(e) represents the real polymerization working
curve, and the region between the two curves along the depth
axis in Fig. 1(d) represents the partially cured gel structures.

2.3 Voxel Growth Simulation. Three-dimensional voxel
growth simulations were developed based on Egs. (2), (3), and
(6). The simulation takes into consideration the light spreading at
each individual illuminated pixel and the additive effect of multiple
neighboring pixels. The simulation allows for adjustability of the
curing depth and the light spreading which can be tuned to adjust
the material properties and the illumination wavelength.

3 Experimental Setup and System Design

The experimental setup consisted of two main components, a
projection-based photocuring setup, and a schlieren-based observa-
tion setup.

3.1 Digital Light Projection System. In this research, a
mercury lamp combined with a 365-nm UV filter is used for illumi-
nation. A 0.37 NA light guide with a 3-mm output diameter was
used to deliver light. With the UV filter and at 80% of the light
output, the measured irradiance was 35 mW/cm?, respectively. An
achromatic doublet lens with f=200 mm was used to collimate
the light beam to a spot size enough to cover the DMD. A high-
performance light engine from Vialux was used for pattern
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generation. The DMD has a resolution of 1920 x 1080 with an indi-
vidual micromirror measuring 10.8 ym on each side and a pitch of
1 um. The light reflecting from the DMD was passed through a set
of focusing lenses to form a focused image on the vat surface. A
mirror was used to direct light vertically, making the setup
compact. Changing the optics allows us to change the size of the
projected image. The advantage of this setup lies in the customiz-
ability. The light engine was combined with adjustable optics,
which enabled adjustable magnification for enlarging the projected
image. The optical system was tuned to achieve 1.5:1 magnifica-
tion. A bi-telecentric configuration was used for the projection
system. A telecentric system ensures constant magnification regard-
less of the object’s distance or location in the field of view. As the
objective of this study was to understand the pixel growth dynam-
ics, a stationary platform submerged in the vat was used. Binary
masks were projected from the bottom of the vat made from
all-side clear UV transparent cuvette. A high-speed CMOS
camera from AmScope was used to capture the voxel growth
process. A white LED with a light guide was used for illuminating
the schlieren setup. The configuration of the observation and projec-
tion system can be seen in Fig. 1.

3.2 Schlieren Observation Setup. Schlieren system is not a
brand new technique but has been in use since the seventeenth
century. Robert Hooke first demonstrated this method in 1665
[21]. The conventional schlieren system, from which this work is
inspired, was developed in 1859 [22] and later modified in 1864
by Toepler. It uses a point source to illuminate the test section,
and the image is formed by converging lenses. The image location
is the conjugate distance based on the thin lens equation: 1/f= 1/d,
+ 1/d; where f is the focal length of the lens, d, is the distance
between the test object and the lens, and d; is the distance
between the image and the lens. Schlieren is a technique that
allows us to see the changes in the composition or densities of a
transparent medium. The basis of schlieren imaging originated
from Snell’s law, which states that light slows down when it
passes through an optically denser medium. When light encounters
an inhomogeneous medium like fluids in motion, light deflects from
its path, and we obtain a schlieren. Variations in the working fluid’s
density cause the light rays to deviate from the original paths,
deflecting away from the focal point. When a knife-edge is inserted
at the focal point, rays deflected in one direction from the parallel
would be prevented from reaching the viewing screen. This elimi-
nation of rays from the image resulted in a variation of illumination
at the screen, which is proportional to the first derivative of the

density variation in the working fluid. Though the blade is just to
block half the light, if it is used in perpendicular orientation to
the flow axis, the density gradients will enlighten or darken based
on which side of the knife-edge they are located. A color filter can
also be used instead of the knife-edge to increase the contrast and
visualization effect of the projected image [23-25]. A schematic
of used schlieren based observation system can be seen in Fig. 2.

Rudimentary lens-based schlieren system uses a straight-line
arrangement of lenses to visualize the schlieren. As shown in
Fig. 3, abeam of light emanating from the point source is collimated
using lens L;. This parallel beam of light is then deflected by the test
subject S and is passed through second lens L,, where it focuses on
the knife-edge K. Lenses L, and L; (a magnifying/projection lens)
focus the schlieren image onto a screen or camera sensor S.

The lens arrangement is made so that the growing voxel is placed
approximately at the focus of lens L, and the knife-edge is placed at
a distance f from lens L, in the opposite direction. From the thin lens
magnification formula, if the object is placed on 2f, the formed
image is the same size as the object. The actual size of the cured
part is a few microns. In order to get a 2x magnified image on
the virtual screen, we placed the second lens L; at 0.5f from the
knife-edge. The image is formed at a distance f from the lens on a
virtual screen which is further magnified with an objective lens
attached to a confocal microscope system.

Refractive index-dependent techniques like schlieren imaging
depend on the unique refractive index—density change relation
described by the Lorentz—Lorenz formula

n*—1

m = constant (7)

where n is the refractive index, and p is the density of the material.
The constant is dependent on the chemical composition of the resin
and does not deviate much with changing wavelength. Image for-
mation in schlieren is caused due to light deflection in variable
refractive index media with light rays bending toward the region
of higher refractive index.

3.3 Principle of Schlieren Observation System. To under-
stand the principle behind the schlieren optics, we assume a vertical
refractive index gradient dy/dx and no gradient in the x- and
z-direction. This provides a simple deconstruction of the problem
in 2D without loss of generality. A planar light wave, which is ver-
tical initially, is displaced after passing through the schlieren. The
distance covered per unit time is given by Ax/At, and the angle
by which the ray is refracted is Af. Refractive index is defined as

Virtual focus
Confocal ) o
Camera  microscopic lens plane Focusing Vat Collimating lens
system /_lﬂsi\ /
\' Light Source
Knife Edge Cured part
UV filter Digital mask o
l Focusing lens 2
Reflecting
4
f | T \ mirror
Light source Collimating lens ~ Light engine Focusing lens 1

Fig. 2 Schematic of the projection and observation system
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Fig. 3 Schematic showing the path of the light beam in the lens-based schlieren system

the ratio of the speed of light in the vacuum to the speed of light in
the medium under consideration: n= c/v. From Fig. 4(a), using
small-angle approximation

_¢/m—c/m
= 5
where n; and n, are the refractive indices of the two media, respec-

tively. Differential time can be represented as Ar= Ax xn/c. There-
fore, the angle of refraction becomes

A0 At ®)

n ny—np
AG=——
niny Ay

Ax 9)

On simplifying the terms, we obtain

A9 1A
A e (10)
Ax nAy

Using small-angle approximation df = dy/dx, we get
d’>y ldn
i 11
dx* ndy (i

Relating the curvature of refracted light to the magnitude of the
refractive index gradient indicates that the ray deflection is caused
by the refractive index gradient and not the refractive index itself.

In this setup, the knife-edge is placed at the focal point of the
second lens and is adjusted such that a set amount of light is cut
off. Let so be the original size of the focused beam and s; be the
size of the beam after it has been cut off by the knife-edge. I, is

(a) (b)

the illumination on the screen when no knife-edge is present and
I is the illumination with knife-edge positioned. The illumination
on the screen without any disturbance in the test section is given by

I=2%p, (12)
50

For the purpose of this paper, the s, was set at about 50%.

When the light passes through the test region, the light beam
deflects in response to the refractive index change. Let this deflec-
tion be As. Let the final illumination after light passes through the
test region be given by I. From Eq. (12)

_sk+As

I
f St

I 13)

The light intensity change is given by AI'= I;— I}, and the con-
trast as a result of this shift is represented as

Al As
contrast = —=—
1 k Sk

(14)

As the angle is small, As= A#xf,, where f, is the focal length of
the second lens

Al A0
contrast = — =
k Sk

15)

By changing the location of the knife-edge in the y-direction, the
contrast can be adjusted to suit the resolution.

y Undisturbed Deflected
1
beam beam
Ay Knife edge
Ax
Xl X .
A6
Y2

Fig.4 (a) Bending of a light ray in the vertically stratified fluid medium due to refraction [24] and (b) schematic of
the undisturbed and disturbed light beam at the knife-edge cross section [35]
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3.4 Resolution and Accuracy of Schlieren. The accuracy and
resolution of the lens-based schlieren system depend on various
factors like the optical components, light source, and the sensitivity
of the detector used for capturing the schlieren images. The lens-
based schlieren system presented in this research was tested to
measure the changes in the refractive index on the order of 107>,

In terms of the resolution, the spatial resolution of the schlieren
system depends on the spot size, lens aperture, and the distance
between the object and the lens. The diffraction-limited resolution
of the schlieren system is about 600 nm. However, the actual reso-
Iution also depends on the resolution of the detector. The proposed
system uses a SMP camera (pixel size of 5.6 um) at a resolution of
640 x 480 and illumination wavelength of 550 nm giving a spatial
resolution of 1.1 um.

4 Results and Discussion

In this section, we present the experimental validation using the
freeform voxel growth experiments. The simulation model is vali-
dated against some experimental measurements based on the pro-
posed Schlieren system. Particularly, the penetration depth, light
intensity, and shape of the growing voxel are measured and com-
pared against the simulated results and SEM characterizations.

4.1 Materials and Methods. An acrylate-based resin was
prepared consisting of poly(ethylene glycol) diacrylate (PEGDA
M,,=250 and 575g mol™") as monomer and phenylbis(2,4,
6-trimethylbenzoyl) phosphine oxide (Irgacure 819) as initiator
both from Sigma Aldrich. 2-Nitrophenyl phenyl sulfide (NPS) pro-
cured from TCI Chemicals was used as a dye. Monomer—initiator
ratio of 97:3 was chosen. Two samples with 0.25% and 1% dye
were prepared to achieve desired penetration depth. Two sets of
experiments were performed using different dye concentrations.
PEGDA was preferred as it is transparent to visible light and is
more responsive to 365 nm wavelength, thus reducing the possibil-
ity of photopolymerization due to the illumination used for the
observation system. PEGDA has a significantly smaller refractive
index change after polymerization, which instills the need for a
better observation system. For materials opaque to visible light,
other wavelengths can be used. The prepared PEGDA 250 resin
has a refractive index of 1.463 and a density of 1.11 g/cm®. After
photopolymerization, the refractive index of the cured resin
changes to 1.601. The trend in refractive index change with the
degree of photopolymerization is linear.

Using the voxel growth experiments, the simulation model is val-
idated by comparing the experimentally measurable growth profile.
Circular masks with different numbers of binary pixels were used.
A constant light intensity of 35 mW/cm? was used for all the pro-
jected patterns with different exposure times based on the number
of pixels. The cured part was compared against the simulation
results. The model parameters were derived from a theoretical
understanding of light propagation and light-resin interactions.
Such a comparison demonstrates that the proposed model accu-
rately describes the voxel curing process. The light intensity
drops to about 85% of the maximum intensity value at 500 um
from the focal plane. The penetration depth for the resin chosen

for the experiments was far less than 500 um; thus, the effect due
to the evolution of the light intensity profile was not considered,
and it was assumed to be the same in the vertical region of consid-
eration [13].

4.2 Validation: Observing Low Refractive Index Material.
While schlieren and shadowgraph both exploit the effects of light
refraction in a non-homogenous transparent medium to generate
regions of varying contrast, the quality and resolution of the
images differ from technique to technique. Shadowgraph imaging
is based on beam deflection and displacement, whereas schlieren
imaging is based solely on beam deflection [26]. Shadowgraph
imaging requires the simplest setup, but the generated image data
are quite complicated. It is difficult to analyze the data, which
requires solving complex Poisson equations for different boundary
conditions. The images convey less details about the refractive
index gradient. Schlieren, on the other hand, has modest demands
on the instrumentation complexity, and the generated data are
easier to process. Interferometry is another such technique that
uses differences in the refractive index to form images, but the tech-
nique requires a sophisticated setup and is extremely sensitive to
alignment. For these reasons, it was not considered in this research.
As can be clearly seen from Fig. 5(a), despite the change in refrac-
tive index, it is not possible to observe the cured part using the
camera alone. This is primarily caused by the low refractive index
difference between the liquid and solidified resin. While shadow-
graph is easier to set up, the images are difficult to process
(Fig. 5(b)). Schlieren images, on the other hand, give images that
perfectly represent the contrast caused by changes in refractive
index gradient during the photopolymerization (Fig. 5(c)). The
comparison between the different observation systems validated
that the proposed schlieren system can successfully observe the
cured resins surrounded by liquid pre-polymers with low refractive
index difference, therefore providing a powerful tool to study the
complex photopolymerization process in real-time.

4.3 Validation: Observing Small-Sized Voxel(s). A freeform
voxel is cured by shining a single-shot binary UV pattern through a
stationery UV transparent glass cuvette. The PSL printing approach
is used in this process, where the part is created by frontal photopo-
lymerization, which begins on the glass substrate and expands
toward resin depths. The DMD allows us to shine desired gray-
scale/binary image patterns onto the substrate. The part height is
governed by the grayscale, exposure time, and the chemical barriers
caused by the penetration depth. As shown in Fig. 6, illumination of
a circular binary image results in an axisymmetric convex part. As
shown schematically, the profile of the cured part is believed to
follow the top-hatted paraboloid shape as predicated by the photo-
polymerization theory (Fig. 1).

Figure 7 shows the comparison between the simulation results,
observation using the designed schlieren setup, and the correspond-
ing SEM images for two-pixel, six-pixel, and 40-pixel circular
images. Such an experiment is necessary to demonstrate the voxel
growth dynamics in the PSL process. The first row has the cured
parts as observed using the schlieren system. Despite the deviation
in the refractive index, the designed system can capture high-

(a) (b)

(o)

Fig. 5 Voxel observation using (a) digital camera alone, (b) shadowgraph technique, and
(c) schlieren optical system. Scale bar size of 80 um (for (a)—(c))-
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(a) (b)

Fig. 6 (a) Input binary mask image and (b) cured part with a
top-hatted paraboloidal profile. Scale bar size of 50 um.

contrast images. The cured profile is near paraboloid as described
by Eq. (6). This is due to the fact that light intensity on the tails
of the gaussian light distribution is not strong enough to initiate
the photopolymerization. The adjustable confocal optics allows
for adaptable magnification settings to accommodate different
size of specimen. A digital camera is currently being used in the
observation system to record the process of voxel growth at 60
frames per second with a resolution of 640x480. The entire
process of the smallest voxel (measuring two pixels) from exposure
to termination takes about 7 s, with the first 5 s dedicated to quench-
ing the oxygen-free radicals in the photopolymer resin. The seed
generation to termination time takes approximately 2 s. To ensure
a precise recording of the growth process, a minimum of 10
frames need to be collected. The second row presents the simulation
results as obtained from using equations governing photopolymer-
ization as discussed in Sec. 2. The red portion represents the light
energy, whereas the blue portion represents the cured voxel. As
can be seen from the images, in the third row, the cured profile
matches the simulated profile quite well, which validates our

experiments. SEM images in the last row have profiles that match
the observed profiles, which validates the robustness of our obser-
vation system. The proposed system also has the potential to
observe the short-chained polymers. In practical terms, the
amount of photopolymerization is reflected in the refractive index
of the resin. As the conversion rate increases, the refractive index
also increases, but eventually levels off once the photopolymeriza-
tion is complete. By using a schlieren system to detect even the
smallest changes in refractive index, it is possible to define the crit-
ical energy for gelation. This has allowed the researchers to criti-
cally analyze the gel phase in vat photopolymerization. Minor
deviation from the simulation model can be attributed to the simpli-
fication of actual interface conditions in the simulation model and
the lack of understanding of opto-chemical kinetics at that scale.
The thermal effects were not considered during the modeling
process, so the shrinkage at the boundary due to temperature
change was not considered.

4.4 Validation: Observe Dynamic Polymerization Process.
To validate the effectiveness of the proposed Schlieren system in
observing the dynamic photopolymerization process in real-time,
experiments were performed to study the rate at which the voxel
grows. Images were captured at different time stamps during the
photopolymerization process to study the temporal -effect.
Figure 8 shows voxel growth for a six-pixel pattern projection.
As shown in Fig. 9, the physical experimental results agree with
the simulation results very well. Temporal data also confirm that
the growth rate decreases with penetration depth.

Another set of experiments was done to understand the growth
dynamics of a single pixel. Considering the small micromirror
size, it is dodgy to study the polymerization for a single pixel due
to insufficient energy to cure the resin. Given the light spreading,
a 2x2-pixel mask can be considered to follow a similar energy

FIB Loch Mogs = Ko
Mo Ricoctons Famo Aoy FIBPIbOT 0KVABA TR Comn = O

WDe200mm  EWTe 300AV  SgoalASEL
18 imagong » SEM

Dot 85 Mo 2028

(c)

Fig. 7 Comparison between simulated voxel profiles, as observed with schlieren optics, the superimposition of simulation and
cured part, and sem images for (a) two pixels (scale bar size 30 um), (b) six pixels (scale bar size 50 ym), and (c) 40 pixels (scale bar
size 150 um). Energy profile is represented by the bottom profile in red, and the cured profile is represented by the top profile in

blue.
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Fig. 8 Voxel shapes at different timestamps during photopolymerization for six-pixel mask

(a)—(i)- Scale bar size of 50 ym [27]

profile to a single pixel. Figure 10 shows the voxel growth for a 2 x
2-pixel mask. It is assumed to behave equivalent to a single pixel.
The simulated profile in Fig. 11 shows satisfactory correspondence
to the actual parts. The designed system allows us to observe the
voxel growth in situ, thus eliminating the discrepancies due to
cleaning or part removal as seen in Ember’s experiments [9].
From the experimental data, the voxel growth rate can be consid-
ered uniform in all directions. Thus, the height of the cured part is an
appropriate parameter to determine the growth rate. The height of
the cured part was measured on the observed image frame using
a calibrated digital scale at different timestamps. The height data
for the six-pixel image was plotted against the corresponding
timestamp as shown in Fig. 12. The same experiment was repeated
for a 2 x 2-pixel part as shown in Fig. 13. A logarithmic curve is the
best-fitting line through these points, which complies with the the-
oretical foundation described by Eq. (2). The observed height was
compared against the simulations discussed in Sec. 2. Minor dis-
crepancies in the simulated (represented by a red line) and actual
growth rate curve (represented by a black line) can be attributed

(e)

- -
(b) (c) (d)
- p

(f) (9

to the fact that our model doesn’t account for thermal shrinkage
and oxygen inhibition. More specifically, the photopolymerization
was delayed during the first 1.0 s due to oxygen inhibition.

4.5 Validation: Robustness and Generality. Dyes are used
for altering the resin properties. Dyes absorb photons without creat-
ing free radicals and attenuate UV light by scattering light by par-
ticles. Despite the scattering, the overall profile of the cured part
depends on the light intensity and should follow Gaussian distribu-
tion. To validate this, two resin samples with different dye concen-
trations were prepared. A 40 x 40-pixel image was projected for the
same duration on both resins. Dye concentration was found to affect
only the penetration depth and not the overall profile of the poly-
merized part. Cured profile is dependent only on the light intensity
and the illumination profile. Changes in the chemical properties of
the resin should not affect the spatial profile of the cured part. As
seen in Fig. 14, increasing the dye concentration only shortens
the height of the cured part maintaining the overall spatial profile.

(h)

Fig. 9 Simulated voxel growth for six pixels
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Fig. 10 Voxel shapes at different timestamps during photopolymerization for two-pixel mask

(a)—(f). Scale bar size of 40 yum.

(a) (b) (c) (d) (e)

Fig. 11 Simulated voxel growth for two pixels
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Fig. 12 Photopolymerization rate curve for six pixels: observed
(dash and dot) and simulated (solid line)

This verifies the shape function described by Eq. (6), as well as the
robustness and generality of the proposed schlieren-based observa-
tion system.

Tunable optical setup allowing flexibility in the location of the
focal plane was used to match the virtual focal plane with the
camera. Accurate positioning of the knife-edge ensured the tenabil-
ity in the contrast of the image, thus allowing for higher resolution
to capture the smaller gradient changes. With the help of confocal
magnification, it was possible to observe voxel growth with single-
pixel illumination. The optical system can observe micron-scaled
voxels, thus addressing the two main challenges that held back
the in situ monitoring of the PSL process. By changing the lens con-
figuration, a variable magnification is possible, making this system
suitable for observing objects of different sizes. However, the pro-
posed system is limited by material transparency and can only
observe polymerization for optically transparent resins. Although,
by changing the illumination wavelength, the system has the poten-
tial to be used for other optically opaque media as well.
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Fig. 13 Photopolymerization rate curve for two pixels: observed
(dash and dot) and simulated (solid line)

4.6 Application in Microlens Fabrication. Increasing inter-
ests in the miniaturization of optoelectronics have attracted signifi-
cant attention toward the development of micro-optical devices
[28,29]. These have found immense applications in imaging,
sensing, communication, surface modifications, 3D displays, elec-
tronics, and others [30]. Microlenses are small lenses, generally
with diameters less than a millimeter and often as low as a few
microns. Microlenses have stringent requirements on surface
quality, uniformity, and precision. A variety of manufacturing tech-
niques have been developed over the past few decades to cater to
these requirements which include thermal reflow, droplet jetting,
laser writing, embossing, stereolithography, and micromachining.
Despite the relative maturity of these manufacturing processes, lim-
itations like low throughput, long processing times, and challenging
quality control still exist [30]. Digital light processing (DLP) tech-
nique has high throughput, high resolution, low cost, and superior
consistency and is therefore gaining popularity. DLP-based 3D
printing creates freeform structures by layer-by-layer localized
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Fig. 14 Comparison between two 40-pixel photopolymerized masks for (a) 1% w/w, (b) 0. 25% w/w dye concentration. Scale

bar size of 100 ym.

photopolymerization of UV resin. As this technique uses millions of
high-frequency micromirrors grayscale modulation at the pixel
level is possible making it an ideal manufacturing process for
micro-manufacturing and for creating complex geometries.
However, the layer-by-layer approach introduces a micro staircase
on the surface. The relative surface roughness fails to satisfy the
requirements for micro-optical components [31,32]. The use of a
single exposure can reduce surface roughness by eliminating the
need for multiple layers and is becoming increasingly popular espe-
cially for fabricating sub-100 ym lenses. The single-exposure tech-
nique takes advantage of the light energy distribution and
grayscaling to achieve the desired curvature. As it is layerless fab-
rication and void of any moving parts, this approach benefits from
high throughput and fidelity. Yuan et.al.’s apporach of realizing
optically smooth microlenses by combining UV-single exposure
with controlled oscillations successfully eliminated the surface dis-
crepancies caused due to the gaps between the micromirrors [33].
Another smart approach to achieve optical smoothness at the
micron level was discussed by Chen et.al. where they used defo-
cussed light to achieve desired shape profile. Light defocussing
causes even light spreading resulting in more hemispherical and
smoother lenses [34]. Despite the advantages, reliance on the
theory-based simulations alone to predict the lens profile results
in poor control over the fabrication process and limits on-the-fly
modifications to adjust the profile. Theoretical simulations fail to
consider all the intricacies of the photopolymerization process

a5 5
(a) (b)
a

which, though inconsequential, may build up giving significant
deviations, especially at the tiny scale. Observation-based empirical
models can provide a more robust prediction of the curing process.
As the schlieren system promotes in situ observation of the curing
process, it is possible to implement real-time changes in the input to
achieve desired lens profile.

Different applications call for different lens geometries and con-
trolling them with binary exposures alone is implausible. Grayscal-
ing is an approach of controling the energy input by systematic
partial illumination of the pixels. Lens contour can be controlled
by changing the grayscale gradient. As seen in Fig. 15, different
grayscales result in different lens profiles. Binary image results in
a flatter top with a box-like profile that matches very well with
the simulations as discussed in Sec. 2.3. As the grayscale gradient
changes, the profile progresses to a rounder profile. Mask with a
gradient grayscale having a central pixel at 255 and edges at 100
results in a hemispherical lens profile as seen in Fig. 15(d).

The simulations discussed in Sec. 2.3 and shown in Fig. 15 are
based on the assumption that factors like heat, oxygen inhibition,
and other chemical kinetics do not contribute to the photopolymer-
ization process. In practice, these factors are very influential in
determining the photopolymerization kinetics, especially at the
micron scale and at lower energy levels. This leads to reduced con-
tribution from some gray values causing stunted part growth.
Oxygen inhibition is a result of oxygen molecules scavenging
free radicles, thus increasing the photopolymerization threshold

-
_—

(d)

~dD
(0
g

Fig. 15 Grayscale mask, simulated results for the corresponding mask, and observed results
with the schlieren system for (a) binary mask, (b) grayscale ranging from 255 to 200, (c) grayscale
ranging from 255 to 150, and (d) grayscale ranging from 255 to 100. Scale bar size of 100 ym.
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Fig. 16 (a) Grayscale 255-70, (b) grayscale 255-140, compari-
son between desired/simulated profile and actual part for (c) gra-
dient grayscale 255-70 (d) gradient grayscale 255-140. Scale bar
size of 50um.

and prolonging or at times inhibiting the photopolymerization reac-
tion. Most of the prediction models fail to consider this effect as the
amount of dissolved oxygen is difficult to quantify. This leads to
some discrepancies in the cured part and the predicted profile, espe-
cially at the edges (see Fig. 16(c)).

Schlieren-based observations at each step work as a calibration
tool to accurately predict the voxel profile. It can be used to map
the effect of grayscale and make dynamic changes in the digital
mask to compensate for oxygen inhibition. Figure 16 shows the
comparison between the cured and simulated profiles. Two gray-
scale masks with pixel grayscale values 255-70 (Fig. 16(a)) and
255-140 (Fig. 16(b)) were used to fabricate microlens features.
On comparing generated results with simulations, it was observed
that the deviations are more significant at lower gray values
which need to be compensated in the model for accurate predic-
tions. This can be realized by calibrating the model with the
observed data. As the amount of diffused oxygen depends on the
chemical properties of the resin, image-based calibration can poten-
tially reduce the prediction error. Although, model calibration and
detailed investigation of oxygen inhibition are beyond the scope
of this paper. An alternative approach is to introduce a grayscale
enhancement to eliminate the deviation between the actual and pre-
dicted part.

While a gradient grayscale can give rounder microlenses, most of
the lower values barely contribute to the photopolymerization
process. Experimental results show a significant deviation from
the simulated results at grayscale values below 140. As this devia-
tion cannot be accounted for by the simulations, enhanced grayscale
with strategic exposure was used to achieve the desired profile. An
energy-grayscale mapping paradigm was introduced to compensate
for the deviation with the lowest grayscale restricted at 140. Effec-
tive energy similar to the original mask was achieved by controlling
the exposure time. As seen in Fig. 16(d), the cured part with
enhanced mask and controlled exposure matches the desired profile.

Tunability in the exposure energy combined with enhanced
grayscale has significantly improved the controlability of micro-
structures fabricated using single-exposure layerless photopolymer-
ization techniques. An in-depth understsanding of pixel-pixel
interactions and oxygen inhibition effect will allow robust predic-
tion models and on-the-fly adjustments in the dynamic masks to
realize more complex geometries.

5 Conclusion

In this paper, we investigated voxel growth dynamics during vat
photopolymerization using theoretical models and experiments.

Journal of Manufacturing Science and Engineering

Different refractive index change-based systems were studied for
in situ process observation. An optical schlieren system using a
single collimated light source was used to capture the variations
in refractive index caused by the distortion of the collimated light
beam due to density gradients. Experimental results were compared
against a simulation model based on Beer—Lambert’s law, photopo-
lymerization growth curve, and theories of Gaussian beam propaga-
tion. The use of confocal lenses provides high magnification of the
test region while keeping the overall setup limited to a small size.
The voxel growth dynamics have been investigated based on the
refractive index gradient corresponding to the degree of monomer
conversion. The experimental results are compared against the
simulation model based on the theoretical understanding of
Beer’s law and photopolymerization kinetics. However, important
factors like oxygen inhibition and thermal effects were ignored.
The current system is capable of characterizing voxel growth in
optically transparent materials. Further investigation is necessary
to modify this system for opaque resins. The effect of oxygen inhi-
bition was witnessed while fabricating microlenses using grayscale
but its investigation is beyond the scope of this work. A novel
energy-grayscale mapping paradigm was briefly introduced to com-
pensate for the size deviation occurring due to oxygen inhibition
and its potential was examined for microlens fabrication. Micro-
lenses fabricated with enhanced grayscale provided a better match-
ing lens profile to the predicted results. Further investigation on the
grayscale-energy mapping strategy is needed to achieve robust fab-
rication. The implementation of a similar system for characterizing
thermal effects during photopolymerization should be investigated.
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