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A B S T R A C T   

Micro Projection-based Stereolithography (µPSL), also known as micro vat photopolymerization, is a promising 
technology that could revolutionize microfabrication by providing benefits similar to traditional lithography 
while reducing production time and cost. However, it faces a significant challenge in the form of the "proximity 
effect." This effect occurs when adjacent features are too close together, causing undesirable artifacts and limiting 
the achievable fabrication resolution. The proximity effect is caused by interactions between adjacent pixels of 
light and affects both the spatial and temporal domains of the fabrication process. Although researchers have 
been aware of this issue for some time, there has been little progress in understanding and addressing the 
proximity effect in micro vat photopolymerization. Existing models developed for laser-based systems can 
explain the effect to some extent, but they do not fully account for the impact of large area projection or explain 
how local threshold changes affect part size. This research aims to fill this knowledge gap by using in-situ 
observation systems to experimentally study the spatial and temporal proximity effects in single-shot vat pho
topolymerization microfabrication. We also investigate the role of oxygen in the proximity effect and lay the 
groundwork for better understanding how the effect impacts periodic structures with micronic inter-feature 
distances. In conclusion, while micro vat photopolymerization offers significant advantages over traditional 
lithography, the proximity effect remains a significant obstacle. This research represents an important step 
forward in addressing this challenge and improving the accuracy and resolution of vat photopolymerization in 
microfabrication.   

1. Introduction 

Additive manufacturing, also known as 3D printing, has revolu
tionized the way we fabricate things and has found applications in 
various fields such as biomedical devices, automotive components, 
photonics, micromechanics, microbiology, targeted drug delivery, and 
optics [1–6]. Cutting-edge technological advancements in additive 
manufacturing have unlocked the ability to produce intricate 
micron-scaled features, allowing for unprecedented precision in the 
fabrication of objects. Furthermore, this breakthrough has extended to 
the realm of biologically inspired textured surfaces, enabling the crea
tion of patterned structures that mimic the complexity and functionality 
found in nature. Two-Photon Polymerization (2PP) has long been used 
for fabricating sub-micron features, but its slow print speed of 10 µm/s 
has led researchers to search for alternatives [7]. Despite the efforts 
made in mass parallelization, the high costs associated with the tools 
make their entry into the industrial setting challenging [8,9]. Digital 

Light Projection (DLP) based vat photopolymerization uses a series of 
digital masks to fabricate high resolution 3D structures. As it is based on 
the projection of a complete image at each instance, the build area de
pends on the projection size and can thus be easily manipulated by 
changing the projection optics for desired magnification. Vat photo
polymerization has seen a considerable push in its benchmarks in recent 
years and has the potential to overtake 2PP due to its high throughput 
and economic setup costs [10]. Densely packed high-resolution features 
are desirable in microfabrication [1]. The features resolution depends on 
the size of the illuminated pixel and can be scaled by using appropriate 
optics. However, generating tiny freestanding features and reducing 
feature separation remains challenging. Oxygen diffusion limits the 
feature size whereas high density packing leads to abnormal stretching 
and sporadic interconnects between the features. The loss in feature 
resolution due to propinquity is termed "proximity-effect" [11,12]. 
Proximity effect in vat photopolymerization based printing is a complex 
phenomenon that cannot be attributed to a single mechanism. A number 
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of potential reasons contributing to the proximity effect could include 
the chemical properties of the polymer, light scattering and spreading, 
thermal or molecular diffusion, dose addition due to subsequent pro
jections, and oxygen inhibition [13]. However, there is neither a precise 
knowledge about the underlying mechanisms of proximity effect, nor is 
the effect well characterized in strength or spatial-temporal domain 
typical to vat photopolymerization based printing. 

Theoretically, local polymerization in vat photopolymerization 
should occur only in the irradiation region. However, in practice, the 
phenomenon of light bleeding in neighboring pixels during local poly
merization in Digital Light Processing (DLP) can lead to the formation of 
a partially cured resin envelope around the desired feature [14]. Two 
primary reasons may cause this over-exposure; either the time delay 
between two subsequent exposures is too small for the oxygen to 
replenish, or the gap between the adjacent features is smaller than the 
light bleeding threshold. If the cross-talking between the features occurs 
due to the closeness of the features, it is termed as "spatial proximity 
effect"; if it occurs because of the time delay between subsequent pro
jections, it is termed as "temporal proximity effect." While these effects 
have been studied in projection stereolithography, most research has 
been conducted at macro scale. For instance, Zhou and others have laid 
the groundwork for understanding pixel blending and have introduced 
optimization methods for grayscale pixel illumination [15,16]. Kang 
and colleagues have developed mathematical models that provide 
further insights into pixel-based solidification during photo
polymerization, supported by thorough experimental validation [17]. 
These models offer a reliable means of predicting voxel growth while 
considering light bleeding. Emami’s work on comprehending the energy 
profile of individual pixels builds upon Sun’s previous research on 
modeling the first-order Gaussian nature of light from each pixel and the 
superposition effect of several illuminated micromirrors [18–21]. This 
elucidates how energy is distributed at the individual pixel level, 
forming a basis for understanding energy mapping in projection ster
eolithography. These effects are present across scales but are detri
mental, especially in micron-scaled patterned structures, where precise 
feature definition and resolution are crucial. Efforts to address and 
mitigate this proximity effect in projection based photopolymerization 
are crucial for achieving high-fidelity microfabrication. Ongoing efforts 
include exposure time optimizations and grayscale mask generation 
strategies. More recently, Montgomery et al. has explored the use of 
grayscaling to enhance feature resolution. The reaction-diffusion simu
lation used in this work establishes a basis for parameter optimization to 
improve feature size, potentially leading to robust 3D curing models 
[22]. Quantifying these effects through rigorous observations can pro
vide a deeper understanding of the underlying mechanisms. 

Another aspect of studying the proximity effect involves under
standing the chemical kinetics of the photopolymerization process. Over 
the years, significant progress has been made in comprehending the 
photopolymerization kinetics of acrylate-based resins. Researchers have 
discussed not only the well-established long-chain polymerization pro
cess with initiation and termination reactions but also the impact of 
oxygen diffusion [23]. The numerical simulations outlined by Taki and 
others have been foundational in understanding the chemical kinetics 
within the proximity effect at the microscale [24], as explored in our 
present study. While we considered the oxygen inhibition model from 
their work in designing our experiments, our research primarily focuses 
on acknowledging and qualitatively studying the effect, rather than 
quantifying it. 

The research aims at using novel observation tools to observe the 
proximity effect and how it affects the voxel growth process, to quan
titatively characterize the strength of the proximity effect on spatial and 
temporal scales specific to vat photopolymerization at micron scale, 
develop simulations to predict voxel growth based on the characterized 
proximity effect, and to design strategies for fabricating high resolution 
parts with high feature density using optimized multi-exposure strategy. 
The research uses a DMD light modulator to precisely control the mask 

shapes and inter-feature spacing. The impact of spatial distribution on 
the photopolymerization process is studied, and a general decay func
tion is derived based on the collected data. Multi-mask projection stra
tegies to circumvent the spatial proximity effect are presented, and the 
temporal effect arising due to the time delay between the exposures is 
studied. The research hypothesizes that oxygen plays a vital role in 
determining the extent of the proximity effect and presents experimental 
evidence of the effect of oxygen. In the case of our work, which deals 
with micron-scaled features, thermal changes in the vat were found to be 
insignificant in preliminary experiments and thus fall beyond the scope 
of our investigation. Voxel growth simulations based on Beer-Lambert’s 
law and photopolymerization kinetics incorporating the proximity effect 
are developed. The paper also proposes multi-mask projection strategy 
for high resolution microlens fabrication. 

The growing interests in miniaturizing of opto-electronics have led to 
a significant focus on developing micro-optical devices. These devices 
have found widespread applications in sensing, imaging, surface modi
fications, and electronics. Microlenses, which are tiny lenses with 
diameter typically under a millimeter, play a crucial role in these de
vices. The proximity effect, as explored in this paper, holds significant 
relevance in applications related to high-density microlens fabrication. 
This paper discusses how the studied proximity effect can be used for 
optimizing the fabrication strategies for high uniformity and resolution. 

2. Theoretical modeling 

Vat polymerization is the selective layer-by-layer polymerization of 
photosensitive resin utilizing ultraviolet (UV) light in the form of digital 
masks. This method outperforms the conventional galvo-mirror scan
ning method in speed and effectiveness. In order to project digital pat
terns onto the build plate more quickly, Digital Light Processing (DLP), 
which uses a spatial light modulator like an LCD screen or a digital 
micromirror device (DMD), uses parallel processing. The intensity of the 
irradiation, the wavelength, the chemical characteristics of the resin, 
and the input energy all affect the photopolymerization process. The 
photopolymerization process is influenced by a number of variables, 
including light intensity, wavelength, chemical characteristics of the 
resin, and input energy. Studying how light and resin interact, especially 
within the sphere of influence around the feature, is crucial for 
enhancing print resolution. 

2.1. Light irradiance and light-resin interactions 

Light irradiance controls the lateral resolution of vat photo
polymerization process. Diffraction inefficiencies and dark-field diffu
sion caused by the projection device leads to a Gaussian distribution of 
the light projected off each pixel and causes the light to bleed into 
neighboring regions. Thus, the light energy received at each location is a 
result of the contribution of multiple surrounding pixels [25,26]. This 
region of impact surrounding the illuminated pixel is referred to as 
‘sphere of influence’ in this research work. As the light distribution is 
Gaussian, the size of the sphere of influence dependent on the wave
length and intensity. Light intensity at each location (x, y) is governed by 
Eq. (1): 

I(x, y, 0) =
∑

(xi , yj)∈S

Ii,jexp

{

−

[(
x − xi

σx

)2

+

(
y − yj

σy

)2
]}

(1)  

where (xi, yj) ∈ S is the location of the pixels, Ii,j is the light intensity 
at the pixel center, and σx and σy are the parameters that determine the 
spatial spread of the Gaussian profile. σx and σy are wavelength 
dependent and are positively corelated with the wavelength. 

As the light intensity follows a 3D Gaussian distribution in free space, 
the vertical dimension of the curve is controlled by the optical properties 
of the media and, in this case, the chemical properties of the photo
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polymer resin. The vertical spread of the gaussian curve is constrained 
by the curing depth which largely depends on the chemical composition 
of the photopolymer resin and is governed by Beer-Lambert’s equation 
[27]. 

Cd = Dpln
(

E
Ec

)

,Dp =
1
α,α = αinitiator + αabsorber (2) 

where Cd is the curing depth, Dp is the penetration depth which re
lates to the light absorption coefficient α, E is the exposed energy and Ec 

is the critical exposure below which the photopolymerization is absent. 
The exposure energy is a function of the light intensity and time. 
Combining Eqs. (1) and (2), the light intensity at any spatial location can 
be represented as 

I(x, y, z) = I(x, y, 0)exp
{

−
z

Dp

}

(3) 

The total exposure energy is a function of intensity and time and is 
represented in 4D space by the following equation 

E(x, y, z, t) = I(x, y, z)t (4) 

As the photopolymerization only takes place when the energy is 
greater than or equal to Ec, the shape and size of the cured profile can be 
computed by integrating Eqs. (1–4). For a single illuminated pixel, the 
shape of the cured profile is a paraboloid given by 

x2 + y2 + z = Dpln
(

Imax

Ec

)

(5)  

2.2. Photopolymerization simulation 

Voxel growth simulations in photopolymerization were developed 
based on the aforementioned theories to study the effect of different 
parameters on the photopolymerization kinetics. Photopolymer simu
lations for a single voxel and the mechanics of pixel blending were 
discussed in the previous work [28]. The newly developed simulations 

utilize the same models while incorporating the effect of temporal and 
spatial proximity. For the purpose of the simulation, resin characteristics 
corresponding to the custom prepared PEGDA 250 based UV resin were 
considered. Experiments as discussed in Section 4 were performed to 
obtain the curing depth (Cd) and the critical energy (Ec) for the resin. As 
the energy distribution for each pixel is Gaussian, the energy spreads 
beyond the actual cured profile as shown in Fig. 1(a), where red color 
represents the exposed energy on the top surface of the resin and blue 
color represents the paraboloid profile of the cured part. The stray en
ergy from adjacent features adds up and if the features are close 
together, which is represented by the overlapping red regions in Fig. 1 
(a). Light bleeding into neighboring pixels has an additive effect and if 
the added energy crosses the threshold, it leads to the formation of in
terconnects. This is termed as spatial proximity effect and is more 
prevalent in the proximal region around the feature known as the sphere 
of influence. As seen in Fig. 1(a), a feature surrounded by other features 
tends to grow larger due to the contributions from its neighbors whereas 
the features on the corners retain the actual size. 

Photopolymerization process involves quenching of oxygen free 
radicals before the initiation of short-chain polymerization. While Beer- 
Lambert’s law has its merits, it falls short in explaining the interplay of 
oxygen or other physico-chemical elements during photo
polymerization. Oxygen quenching takes place even beyond the feature 
size and the amount of quenched oxygen is a function on the irradiance. 
To address the effect of oxygen, we extended the Beer-Lambert’s law by 
introducing an error term tailored to incorporate the effects of oxygen. 
We propose an advanced model to include the temporal proximity effect 
due to the influence of oxygen inhibition. Built upon the Beer-Lambert’s 
law, we derived a more generalized form of the total energy exposure 
during time t where η(t) represents the photopolymerization efficiency. 
Our preliminary studies have experimentally shown that photo
polymerization process is highly nonlinear [28], and further experi
ments conducted in this work hint towards diffused oxygen being one of 
the influential factors. Dissolved oxygen scavenges the available free 
radicals inhibiting the polymerization process till its depletion. Thus, in 

Fig. 1. Vat Photopolymerization simulation showing (a) spatial proximity effect, (b) temporal proximity effect when the time delay is short, and (c) temporal effect 
when the time delay is large. 3-D simulations showing the (d) Spatial proximity effect, and (e) Temporal proximity effect. Accumulated energy profile is shown by red 
curve, and the cured voxel is shown in blue and magenta. 
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the presence of oxygen the efficiency is a function of time and causes 
temporal complexity. Eq. (4) is modified as the integral of the intensity 
over time. 

E(x, y, z, t) =

∫ t

0
I(x, y, z)η(τ)dτ (6) 

The explicit function of η(τ) was calibrated through empirical data 
gathering during in-situ observations of voxel growth at different oxy
gen concentrations. As the exact value of the amount of diffused oxygen 
is not known, the calibration was done using data driven techniques by 
fitting the curve to the evolving cured profile over time, thus aligning 
with our formulated equation. Oxygen is quenched when energy is 
provided and is replenished over time. The replenishment time and 
quenching rate are related to the material properties of the resin. Using 
equation of the curve given in Fig. 7(a) and the growth rate equation for 
voxels, the efficiency of photopolymerization can be given by 

η(τ) = 1 − e− bτ  

Where τ is the time and b is a material specific constant. For the resin in 
consideration, the value of b was experimentally computed to be 0.44. 

Fig. 1(b) and (c) show two spatially close features generated as a 
result of sequential masks. If the time delay between the subsequent 
masks is small, the second feature tends to grow larger as shown in Fig. 1 
(b). Conversely, if the time difference is large enough for oxygen levels 
to stabilize after diffusion, the second feature has the same size as the 
first feature. Fig. 1(c) shows two temporally sparse features bearing the 
same size despite being spatially close. The blue paraboloid shows the 
feature generated as a result of the first mask whereas the magenta 
paraboloid represents the feature generated as a result of the subsequent 
mask. 

A 3D simulation was developed based on the aforementioned the
ories to study the pixel-pixel interactions in planar environment. The 
simulation model considered how pixels were arranged spatially, where 
they stood in relation to one another, and how their interactions affected 
certain attributes or phenomena of interest. The effects of pixel-pixel 
relationships on many characteristics such as voxel size, diffusion, or 
diffusion rates could be measured by simulating these interactions in a 3- 
D environment. Image processing algorithms like edge detection were 
used to trace the profile of the observed voxel and the datapoints were 
extracted from the detected edge. These were compared against the 
simulation results. Comparison with the observation data revealed that 
the developed simulations accurately model the voxel growth process 
with accuracy exceeding 95% and provide a robust tool for studying the 
light-resin interactions and process optimization. 

The intricate nature of pixel-pixel interactions in planar structures 
was carefully examined using this 3D simulation. It provided a way to 
comprehend the underlying dynamics and mechanisms controlling how 
pixels behave in a three-dimensional, volumetric environment, offering 
crucial insights in the photopolymerization kinetics. Individual pixels 
are represented by green curve whereas the red curve represents the 
accumulated energy. Fig. 1(d) shows the spatial proximity effect in 3-D 
space and Fig. 1(e) shows the temporal proximity effect. When the 
features are temporally close, the voxels generated as a result of the 
second mask tend to grow larger. Magenta curve in Fig. 1(e) represents 
these larger features due to temporal proximity effect. 

3. Experimental setup 

The experimental setup consisted of two main components, a 
projection-based photocuring setup and an observation system consist
ing of a confocal microscope-based observation system for spatial ob
servations from the top and a schlieren-based observation system for 
side-ways observation. 

3.1. Digital light projection setup 

This research uses an OmniCure S1500 UV mercury lamp system 
combined with a 405 nm UV filter for illumination. The light is delivered 
via a 0.37 NA light guide with a 3 mm output diameter, and all the 
experiments were performed at 40% light output, giving an irradiance of 
462 µW/cm2 and an exposure time of 6500 ms per exposure. Light 
coming from the lamp is collimated using a f = 200 mm achromatic 
doublet lens and was shone on a high-performance light engine from 
Vialux software used for digital mask generation. The DMD has a reso
lution of 1920 × 1080 with an individual micromirror measuring 
10.8 µm on each side and a pitch of 1 µm. The light reflecting from the 
DMD was passed through a set of focusing lenses to form a focused image 
on the vat surface. The setup was compacted by using a flat mirror to 
deviate the light’s path while providing the same optical distance. This 
setup allows tunability by changing the optics. Adjustable optics enable 
adaptable magnification for tuning the projected image. The optical 
system was adjusted to achieve a 1:5 magnification by using a 5x 
objective lens and later to achieve 1.5:1 magnification to test the sys
tem’s robustness and study the proximity effect at varying scales. A bi- 
telecentric system was used for projection in both cases. A bi- 
telecentric system ensures constant magnification regardless of the 
distance or location in the field of view. Focused image is a critical 
aspect of these experiments as it aims at studying the light interactions 
amongst individual pixels. Along with the bi-telecentric system, high 
magnification camera as shown in Fig. 3 was used to ensure the pro
jection focus. The designed system has very high resolution with the 
ability to resolve individual pixels. As the objective was to study the 
proximity effect in the spatial and temporal domain, a stationary plat
form submerged in the vat was used. Binary masks were projected from 
the bottom of the vat made from an all-side transparent UV-transparent 
cuvette. A high-speed CMOS camera from AmScope was used to capture 
the voxel growth process from the side, whereas a CCD camera from EIA 
Japan captured the spatial images from the top. A white LED with a light 
guide illuminated the schlieren setup. 

Light reflecting off from each micromirror of the DMD in its ‘on’ state 
follows a 2D Gaussian energy distribution given by [29]. 

Ii,j(x, y) = Pi,je
−

[(
x
a

)2

+

(
y
b

)2
]

(7)  

Where Pi,j is the peak power of the Gaussian function and a, b are the 
Gaussian radii, which for a single micromirror are considered equal. To 
find the light energy distribution for a multi-pixel mask image, Eq. (7) 
can be integrated across the exposed mask area. The Gaussian radius for 
a single pixel for the DMD used in our experiments is 4.97 µm. A single 
illuminated micromirror at 20% light output with an irradiance is 
208 µW/cm2 as seen from the camera is given in Fig. 2(a) and the cor
responding intensity profile is given in Fig. 2(b). The full width half 
maximum (FMHW) for the Gaussian distribution is calculated to be 92% 
of the pixel size with a spreading (standard deviation) of approximately 
39% of the pixel width. 

3.2. Observation system 

The observation setup consisted of two components, a schlieren- 
based system to observe the voxel growth from the side and a confocal 
system for spatial observations from the top. Schlieren exploits the 
changes in optical density of the resin as the polymerization progresses 
to give a detailed image of the voxel that is not easily visible to the naked 
eyes. A lens-based schlieren was used with a magnification system to 
observe the voxels from the side. The second component of the obser
vation system consists of a confocal setup with a high magnification 
objective lens and a UV camera. The typical system has a UV camera and 
an objective lens placed at the focus of a f = 15 mm achromatic doublet 
lens on either side. As the photopolymerization progresses, there is a 
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local change in the optical density. This change causes the projected 
light to spread in the X-Y plane beyond the mask dimensions. A high- 
speed camera can capture this process frame by frame, and depending 

on the spread; the proximity effects can be quantified. We use a 405 nm 
UV filter, and the resin used for these experiments absorbs most of the 
UV light. A regular camera cannot detect the light transmitted through 

Fig. 2. (a) Zoomed-in image of the illuminated as seen from the high magnification camera. Red square represents the actual pixel size, and (b) 3D Gaussian intensity 
profile for the illuminated pixel. 

Fig. 3. UV based vat photopolymerization setup and the schlieren based observation system.  
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the resin, so a UV camera was used. A physical setup and schematic 
representation of the vat photopolymerization and the observation 
system are shown in Fig. 3 and Fig. S3 respectively. As shown, two sets of 
microscopic observation systems are deployed to capture the voxel 
growth process in lateral as well as spatial direction. The top observation 
system captures the photopolymerization process spatially by detecting 
the change in the focus based on the refractive index change. 

The schlieren technique was developed in the early 1800 s which 
exploits the bending of light due to refractive index change corre
sponding to alterations in the optical density gradients in transparent 
media to generate images with contrast [30]. It is widely used to char
acterize fluid flows. A lens-based schlieren system as developed for this 
research has three main components: illumination source, lenses and 
knife-edge. The system uses collimated white light for illuminating the 
test area which is placed between the collimating lens and a pair of 
focusing lens. A knife-edge is placed at the focal point of the focusing 
lenses such that it cuts half the light passing through. When there is a 
change in the refractive index of the fluid in the test area corresponding 
to the resin polymerization, collimated light passing through it bends 
following Snell’s law. When there is a change in the refractive index 
gradient, there is a corresponding shift in the light spot at the focus. This 
allows a local change in the number of rays that are blocked by the knife 
edge giving rise to a region of contrast depending on the bending di
rection and an image is generated on a virtual screen [31–33]. A camera 
with a confocal magnification setup is attached to the system as the parts 
under consideration are sub-50 µm. 

4. Materials and methods 

The acrylate-based resin was commercially procured from AnyCubic, 
and 2,4-Di-tert-butyl-6-(5-chloro-2 H-benzo-triazol-2-yl)phenol (Tinu
vin 327) (procured from Sigma Aldrich) was used as a UV dye. 1% w/w 
dye was mixed with the resin by dissolving it in chloroform and stirring 
it at 500 rpm for 15 min. The printed samples were cleaned using 90% 
IPA followed by a bath of DI water inside a sonicator. To study the 
proximity effect in the spatial domain, binary masks with periodic pat
terns having different pitches were projected at a constant light intensity 
of 462 µW/cm2. Temporal effects were studied by projecting two sepa
rate non-overlapping digital masks with a varying time delay between 
subsequent projections. The effect of oxygen was studied by preparing 
two additional samples. The oxygen-rich sample was prepared by 
bubbling supplemental oxygen into the resin for 60 s in a vacuum 
container to make sure supplemental oxygen was diffused into the resin. 
Another sample was deprived of oxygen by vacuuming out all the air and 
purging in carbon dioxide to displace oxygen. Additional carbon dioxide 
was poured into the vat and was sealed to avoid interactions with the 
atmospheric air. 

The prepared photopolymer resin was exposed to five different en
ergies using 405 nm UV doses to fabricate thin coupons. The curing 
depth was measured using a microscope measurement as discussed in 
our previous work [34]. The obtained Cd values were plotted against the 
logarithm of the input energy and a linear regression curve was fitted 
through the data (Fig. S4). Jacob’s working curve holds that the pene
tration depth (Dp) is the slope of the curve whereas Ec is the x-intercept. 
Ec and Dp values corresponding to the light intensity of 462 μW/cm2 

were used for simulations. 

5. Results and discussions 

This section presents the experimental validation using the free-form 
voxel growth experiment. Particularly, the spatial spreading, cross- 
talking, temporal effects, and role of oxygen are measured and charac
terized using SEM. 

5.1. Spatial effect 

Feature density is the desired characteristic in the microfabrication 
of periodically patterned structures like microlens arrays or micro
needles. Higher packing density has its advantages due to its unique 
optical and structural properties. Efforts are being made to fabricate 
high-resolution features as close as possible, but this comes at a cost. The 
spatial closeness of the features gives rise to cross-talking between the 
features. This effect is more prevalent in the proximity of the actual 
illuminated spot. It can be attributed to the light spreading into neigh
boring pixels, creating a halo around the actual projection, also known 
as the sphere of influence. The effect of cross-talk starts fading out when 
the spatial distance between the features increases. 

Observations from the confocal microscopic system reveal this 
spatial effect in-situ. The experiments were repeated five times by 
changing the light intensity and exposure time. The total energy expo
sure was kept constant. While higher light intensity results in higher Dp, 
the overall profile of the cured parts was observed to be similar. These 
replicated experiments ensured that the results were consistent. It is seen 
that the neighboring features influence the part growth, and for the same 
exposure, the features that are in close proximity tend to grow bigger.  
Fig. 4(a) and (c) show the projected image, and Fig. 4(b) and (d) shows 
the observed image after 8 s of exposure. The halo around the features in 
Fig. 4(b) and (d) can be attributed to the scattering of light as the 
refractive index changes upon polymerization. 

The cross-talking effect is more prevalent within a specific region and 
fades out as the spatial distance between the features increases. The light 
intensity distribution described by Eq. (1) follows an exponential 
pattern, indicating that as we move farther from the central point of the 
projected image, the light energy decays exponentially. As shown in  
Fig. 5(a), the spatial proximity effect decays exponentially and is not 
significant beyond 80 µm gap as the size deviation is well within the 
acceptable limits for the desired microlens applications. The decay 
function for spatial proximity was obtained by fitting the data using an 
exponential function represented by the general formula N(d) = N0e− λd 

where N(d) represents the size of the voxel with d units of spacing, N0 is 
the size of the voxel when the spatial separation is the least, and λ is the 
decay constant which is determined iteratively. This is specific to this 
resin, but the overall trend is also similar for other materials. Fig. 5(b) 
shows sporadic connections between the features that arise due to the 
cross-talking between the neighboring features, and the effect seems to 
lessen as the gap between them increases. Fig. 5(d) is the control that has 
features as desired. Whereas Fig. 5(e) depicts the features that are 
smaller than desired for the same amount of exposure as they are 
sparsely spread, thus preventing any significant cross-talking from 
influencing the size. 

The spatial cross-talking effect is evident only within a specific 
sphere of influence. It depends on the light intensity, light spreading, 
and the number of features present on either side. Fig. 6(a) shows a 
schematic of the additive effect of light bleeding into neighboring pixels. 
The features in the center are influenced by the light from its eight 
immediate neighbors. The features on the sides are influenced by five 
neighbors, whereas the features on the corners get contributions only 
from three of its neighbors. This non-uniformity in the exposure is more 
prevalent within the sphere of influence and is dependent on the 
chemical composition of the resin, wavelength of light, and the depth of 
focus [13]. When the gap between the individual features is more than a 
certain value, the additive effect of light intensity is not very predomi
nant. The distance beyond which the additive effect weakens is gener
ally determined by the chemical properties of the resin. Based on the UV 
resin used in these experiments, the effect is more prevalent when the 
gap between adjacent features is relatively small. Fig. 6(b) shows the 
non-uniformity in the size of the printed microlens at the corner. This 
can be attributed to the fact that for all the other lenses, the size is due to 
the additive effect of light from all the neighbors. Whereas for the 

A. Chivate et al.                                                                                                                                                                                                                                 



Additive Manufacturing 79 (2024) 103926

7

microlens at the corner, the neighboring features exist only on one side. 

5.2. Temporal effect 

As discussed in the previous section, the spatial proximity effect has 
made the adoption of vat photopolymerization in microfabrication 
challenging and efforts need to be made to find alternatives to overcome 
this effect. Using sequential masks with alternating patterns is a possible 
way to circumvent the spatial proximity effect. In this method, multiple 
masks with larger spatial gaps and alternating feature locations are 
projected sequentially. Both the projected masks have similar exposure 
times and light intensity combinations to ensure that the same amount of 

energy is provided in both exposures. The experiments were repeated 
three times to eliminate the effect of ambient conditions and ensure 
consistency. Fig. 7(b) and (c) show the masks for the first and second 
projections. The masks have patterns at alternating locations. The dotted 
lines in Fig. 7(c) are representative of the cured features and are not a 
part of the actual mask. Ideally, we should take advantage of breaking 
the sphere of influence and prevent the effect of light bleeding. Despite 
this being a great alternative, in practice, the time delay between two 
projections plays a critical role in determining the feature resolution. 
Experiments have shown that if the delay between subsequent pro
jections is small, the second projection tends to absorb more energy 
resulting in thicker features. This is termed the proximity effect in the 

Fig. 4. Spatial proximity effect as observed from the designed system for a feature size of 20 µm (a) pitch = 20 µm, (b) polymerized part, (c) pitch = 200 µm, and (d) 
polymerized part. Scale bar = 50 µm. 

Fig. 5. (a) Graph showing how spatial effect decays as the inter-feature gap increases with error bars for size measurement, features with different pitch as observed 
under SEM (b) pitch = 10 µm (c) pitch = 20 µm (d) pitch = 40 µm (e) pitch = 200 µm (SEM scale bar = 20 µm). 

Fig. 6. (a) Schematic of light bleeding into neighboring pixels in the spatial domain where the dashed white line represents the projected image (b) SEM image 
depicting spatial proximity effect at corners (SEM scale bar = 20 µm). 
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temporal domain or simply the temporal effect. 
The temporal proximity effect fades out as the time delay increases 

and behaves like a closely packed single projection. Fig. 7(a) shows the 
exponential decay of the temporal effect as the time delay between 
projections increases. The graph represents the percentage deviation in 
size between the features printed from the first and second projections. 
As seen from Fig. 7(b), when the time difference is small, the features 
printed due to the second projection tend to be relatively larger. It can be 
seen from Fig. 7(c) and (e) that with increased delay, the features are 
visually indistinguishable, and there is an increase in the uniformity of 
the features. It is also evident that planning the images with alternating 
patterns helps overcome undesired effects like feature broadening seen 
in single projection images. 

5.3. Effect of oxygen inhibition 

Oxygen inhibition has long plagued free-radical polymerization 
processes. Molecular oxygen scavenges the free radicles and either 
prolongs the photocuring process or altogether inhibits it depending on 
the amount of dissolved oxygen and the provided energy. It is known to 
react with active radicals and generate dead chain ends, thus preventing 
reaction propagation [35,36]. This issue is more pronounced in low 
intensity curing processes that use UV cure, such as the one used in this 
research. As discussed in the previous section, oxygen inhibition is one 
of the main causes for the temporal effect. During the first exposure, a 
part of the energy is used to scavenge the oxygen free radicals present in 
the resin. If the time delay is small enough to replenish the consumed 
oxygen, all of the input energy is used for photopolymerization resulting 
in thicker features. This is dependent on resin viscosity, available oxy
gen, irradiation, and thermal effects. Fig. 7(a) shows the decay function 
of oxygen inhibitory effects. It is necessary to either account for the 
dissolved oxygen while modeling the process or find ways to eliminate 
the oxygen. Despite the relative maturity of vat photopolymerization 
printing, this effect has not yet been quantified. 

There are numerous physical and chemical ways to reduce oxygen 
inhibition. Using higher viscosity polymers or increasing the exposure 
time by slower cure speeds can help mitigate this effect [37,38]. Pro
longed curing at lower irradiance is not always viable as it can lead to 
longer printing times, which is not desirable. Other potential ways of 
mitigating oxygen inhibition are increasing the free radical concentra
tion by increasing the photoinitiator concentration or by increasing the 
UV intensity. While increasing the photoinitiator concentration is 
possible, it is not always practical, especially in commercial resins. UV 
intensity augmentation magnifies the sphere of influence by light 
bleeding, thus giving rise to spatial proximity effects. Removing oxygen 

from the cure zone by displacing it with inert gas can help mitigate the 
effect without chemically transforming the resin or increasing energy 
requirements. Fig. 8(b) shows that when the amount of dissolved oxygen 
is higher, the printed features are about 15% smaller than the control in 
Fig. 8(a). This can be attributed to the fact that more energy is consumed 
to quench the oxygen requiring a longer exposure to overcome the en
ergy barrier, resulting in weaker propagation chains that take longer to 
polymerize. On the other hand, the features in the oxygen-deprived 
environment, as seen in Fig. 8(c), are approximately 32% larger as 
more energy is available for actual polymerization. 

As discussed in the previous section, the temporal effect stems from 
the oxygen inhibitory properties. When the time delay is more, it allows 
for more time to replenish the oxygen used during the first exposure, 
thus returning the resin to the status quo, and giving rise to uniform 
features. On the other hand, when the time delay is short, the oxygen 
consumed during the first exposure is not restored, thus utilizing most of 
the energy from the second exposure for polymerization, giving rise to 
thicker features, as seen in Fig. 9(b). When the resin is deprived of ox
ygen, the effect is much more subtle, even when the time delay is small. 
Fig. 9(c) shows the results after repeating the sequential exposure 
experiment with a 10 s delay in an oxygen-deprived resin. The minute 
non-uniformity in the parts from the two exposures might be because of 
the process limitations to eliminate all of the oxygen. Though the spatial 
effect discussed in the previous sections primarily arises due to the light 
bleeding into neighboring pixels, we believe oxygen too plays a role. 
When the features are closely packed, the effective energy per unit area 
is more, causing the oxygen to get quenched faster, thus leaving more 
energy available for actual polymerization. On the other hand, when the 
gap between the features is more prominent, it takes longer for the ox
ygen to get consumed as the energy density is lower, thus giving smaller 
than desired features for the same exposure. This can also explain why 
polymerization is difficult when the feature size gets smaller. 

5.4. Validation and robustness 

The proximity effect is more pronounced at micron scale, but it exists 
at larger scale as well. Experiments were conducted to observe this effect 
at macro scale to validate our claims and demonstrate the robustness of 
our designed system. Vat photopolymerization setup used in this 
research allowed us to change the magnification of the system to 1.5:1. 
PEGDA 250 UV resin was used for this experiment. The designed 
schlieren setup allowed us to observe the polymerization process from 
the side and revealed how the proximity effect takes place. Voxel growth 
dynamics were studied for macro scaled parts using the designed 
schlieren system. 

Fig. 7. (a) Graph showing how the temporal effect fades out with time, (b) mask for first exposure, (c) mask for second exposure, temporal effect as seen under 
microscope when (d) time delay is 10 s, and (e) time delay is 60 s (red circle represents the actual part) (Scale bar = 50 µm). 
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Fig. 10 shows the voxel growth at different time stamps during vat 
polymerization for a 100 µm feature. Fig. 10 (a), (b), and (c) represent 
the voxel growth during the first projection. They show the nonlinear 
photopolymerization process that is terminated at 5 s. To study the 
temporal effect, a second mask was projected with alternating patterns 
after a time delay of 10 s Fig. 10 (d), (e), and (f) represent the voxel 
growth during second exposure. As evident from the images the growth 
rate during second exposure is much faster as most of the energy is 
utilized for polymerization rather than oxygen quenching. For the same 
exposure, the voxels from the second projection are relatively larger. 
The schlieren system allowed us to characterize this process in-situ thus 
eliminating the discrepancies that might occur during cleaning post 
processing. 

The simulations in Fig. 11 agree well with the experimental findings. 
Fig. 11 (a-c) depict the voxel growth caused by the first mask, where the 

magenta curves represent individual pixels, and the red curve represents 
the accumulated energy resulting from all illuminated pixels. The actual 
voxel is depicted in blue. On the other hand, Fig. 11 (d-f) showcase the 
voxel growth caused by the second mask, which was projected with a 
time delay as implemented in the experiments. The cyan curves repre
sent the pixels of the second mask, while the voxel is depicted by the 
magenta curve. Despite the same irradiance, the voxels grow larger due 
to the short time delay, which encompasses the temporal proximity 
effect. 

6. Applications 

Microlenses are garnering increased attention in opto-electronics, 
biomedical, and sensing applications. Fabrication of these microlenses 
need to meet stringent requirements for surface quality, uniformity, and 

Fig. 8. Effect of oxygen as seen in the spatial domain for (a) stock/control resin, (b) resin with an oxygen-rich environment, and (c) resin with an oxygen-deprived 
environment. (SEM scale bar = 20 µm for (a) and (c), and 30 µm for (b)). 

Fig. 9. Temporal effect of proximity (a) with control/stock resin time delay 60 s, (b) with control/stock resin time delay 10 s, and (c) with oxygen-deprived resin 
time delay 10 s (SEM scale bar = 20 µm). 

Fig. 10. Temporal proximity effect observed from the side at different time stamps. (a), (b), and (c) represent the voxel growth resulting from the first mask whereas 
(d), (e), and (f) represent the voxel growth resulting from the second mask projected after a 5 s delay. (Scale bar = 100 µm). 
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precision. Various manufacturing techniques like hot embossing, laser 
engraving, thermal reflow, micromachining, vat photopolymerization, 
etc. have been developed over the past few decades to address these 
requirements [39]. However, despite the relative maturity of these 
techniques, certain limitations like low throughput, long processing 
times, and challenges associated with the quality control still persist. 

Efforts are underway to overcome these limitations and further 
advance the manufacturing of microlenses. Advancements in additive 
manufacturing hold promise in achieving faster and more precise 
microlens fabrication. Vat photopolymerization technique is gaining 
popularity due to its high throughput, high resolution, low costs, and 
superior consistency. It constructs freeform 3D shapes with selective 
polymerization of UV resin in a layer-by-layer format. As the illuminated 
mask is generated by controlling millions of high frequency micro
mirrors, pixel scale modulation is possible. This makes it ideal process 
for high resolution manufacturing. Layer by layer technique generates 
staircase pattern which isn’t ideal for micro-optical components [40]. 
Use of single exposure strategies is becoming increasingly popular, 
especially for fabricating sub 100 µm microlenses. Being a layer-less 
technique, it is void of any moving parts thus providing high fidelity 
and throughput. Single exposure strategies have been implemented by 

many researchers in conjunction with either dynamic focal adjustment 
or oscillation assisted surface smoothening [1,41]. While these tech
niques are capable of achieving the desired optical as well as surficial 
requirements, they are not suitable for on-the-fly modifications and 
cannot guarantee consistency when the microlens placement is ran
domized. Random microlens placement is desired to eliminate grating 
diffraction. Observation based empirical models were introduced in our 
previous work to better predict the profile of the generated microlens 
[28]. 

An image was generated with densely packed binary circular pat
terns for generating a microlens array. As seen in Fig. 12 (a) the 
microlenses are arranged in a high-density randomized pattern. As the 
gap between the individual microlenses is non-uniform, determining the 
appropriate exposure time is challenging. A longer exposure can lead to 
unnecessary interconnects being formed between the closely spaced 
lenses whereas a shorter exposure may mean that some lenses are not 
fully cured. The 3D simulation developed based on the observed results 
and the discussed theory showcases the connections between the closely 
spaced patterns. It can be seen that for the same irradiance, circles with 
smaller gap generated undesirable interconnects whereas features that 
were sparse were underdeveloped. This can be attributed to the 

Fig. 11. Simulations for temporal effect. Blue paraboloid represents the cured part from the first mask and magenta paraboloid represents the cured part from the 
second mask. 

Fig. 12. (a) Mask image for densely packed microlens array, (b) set of independent images that can be projected sequentially to achieve the same mask as the original 
one after overlapping. 
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proximity effect. 
A multi-mask strategy was developed to overcome the challenges 

associated with proximity effects in vat photopolymerization based 
printing. We have deployed an algorithm that segments the image with 
dense features into separate images based on the inter-feature distance. 
This approach combines empirical models and the understanding of 
proximity effect to address the issues effectively. It starts by identifying 
the features and calculates the distance between the centroids. A sphere 
of influence is calculated around each feature based on the irradiance 
parameters and a densely packed image is generated by merging mul
tiple images with sparsely spaced features. It then divides the image into 
multiple such images by considering the sphere of influence for spatial 
and temporal cross-talking. The spatial proximity effect is eliminated by 
maintaining adequate inter-feature spacing in each mask image. In 
addition to the spatial considerations, an image planning strategy was 
developed to tackle issues caused by temporal proximity. This involves 
determining the appropriate exposure time and delay between subse
quent projections. By calculating the optimal delay between the pro
jections based on the decay function as shown in Fig. 7(a), the potential 
for interference between features due to temporal proximity can be 
minimized. The number of such images generated is optimized to 
minimize the overall curing time and the temporal spacing between 
subsequent projections. The resulting image planning strategy ensures 
precise and well-defined features in the final printed image. 

Print resolution can be significantly improved by implementing the 
optimized multi-mask strategy. An enhanced accuracy and resolution 
can be achieved by effectively merging both spatial and temporal 
proximity effects, resulting in a higher-quality printed array. Use of a 
single mask with densely packed features as shown in Fig. 12 (a) results 
in uneven curing. Features that are in spatial proximity tend to grow 
abnormally larger and tend to form shapes that gravitate towards 
neighboring features. This leads to undesirable interconnects as seen in  
Fig. 13 (a). An optimized multi-mask strategy with appropriate exposure 
planning can overcome this issue. Fig. 12 (b) illustrates the original 
mask image divided into four independent images that are sequentially 
projected. The printed microlens array as shown in Fig. 13 (b) demon
strates the effectiveness of the proposed multi-mask strategy in 
achieving improved print resolution and overall print quality. 

7. Discussion and future work 

A substantial portion of prior research on investigating the proximity 
effect has been primarily constrained to scanning or laser-based systems. 
Studies on pixel blending such as those conducted by Zhou et.al. have 
predominantly revolved around macro-scaled voxels. However, it is 
crucial to recognize that the voxel growth dynamics at the micron scale 
differ significantly due to variation in the available energy and the 
threshold for overcoming oxygen inhibition. Models tailored for macro- 

scaled systems might not consistently hold true when applied at micron 
scale. Our approach is novel as it has pioneered a schlieren based 
observation system, enabling real-time observation of the voxel growth 
process, and furnishing observational evidence of the proximity effect 
and elucidates the intricacies of the proximity effect. Temporal prox
imity effect has been observed for the first time. This observational data 
has been used to develop simulation models for predicting the voxel 
growth process and ultimately aid in image planning strategies. 

In this paper, we investigated the proximity effects in spatial and 
temporal scales during vat photopolymerization using experimental 
data at micron scale. Different patterned structures were exploited to 
study the influence of structural features in vat photopolymerization on 
a temporal and spatial scale. The measurements indicate that light 
spreading in the sphere of influence strongly affects the material 
response. The spatial response extends beyond the actual projections 
when the feature density is high, as each feature is influenced by its 
immediate neighbors. The temporal effect arises when multiple pro
jections are used subsequently and were seen to have an effect within a 
specific period. We also studied the role of oxygen in free radical poly
merization. It was observed that the amount of oxygen was one of the 
influential factors in determining the feature dimensions, and oxygen 
inhibition is one of the causes for the temporal effect. The research also, 
for the first time, demonstrates techniques for observing the voxel 
growth and the interactions between adjacent features in-situ. The 
temporal proximity as observed from the schlieren system has opened up 
new possibilities for developing data driven models specific to patterned 
periodic structures that consider the inter-feature interactions. 

The optimized multi-mask strategy, considering the photo
polymerization kinetics and the observed proximity effect, offered 
enhanced control and tunability in the fabrication of microstructure 
arrays using a single-exposure layer-less photopolymerization tech
nique. By understanding the photopolymerization process and its rela
tionship with the proximity effect, the exposure energy could be finely 
adjusted and optimized. This improved controllability allowed for the 
precise fabrication of microstructures, resulting in high-quality and 
well-defined arrays. Better tunability of the exposure energy improved 
the controllability of the fabricated microstructure array using single 
exposure layer-less photopolymerization technique. This optimized 
approach to multi-mask fabrication using the layer-less photo
polymerization technique opens up new possibilities in the field of 
microstructure array fabrication. It offers improved controllability, 
enabling the production of intricate and customized structures for 
various applications in fields such as microelectronics, photonics, and 
biotechnology. The tools provided in this work have opened new ave
nues in understanding the voxel growth mechanisms and propelled us 
towards developing strategies for improving the resolution of vat pho
topolymerization process. 

The simulations developed in this work build upon the Beer- 

Fig. 13. SEM images for (a) Printed microlens array using a single densely packed mask, (b) microlens array printed using an optimized multi-mask strategy 
(Scale bar = 200 µm). 
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Lambert’s equations and data driven approaches from the observed 
voxel growth process to combine the effect of oxygen and other chemical 
properties. It is important to note that while our present study primarily 
aims to acknowledge the existence of spatial and temporal proximity 
effects, the simulation models we have developed are still at a nascent 
stage. We view this work as a steppingstone towards more comprehen
sive simulations. Although oxygen inhibition also affects the spatial 
proximity effects, further experiments need to be conducted to pinpoint 
the significant contributor, radical and/or oxygen, to this proximity 
effect. This research doesn’t consider thermal effects that might play a 
role in determining the spatio-temporal proximity characteristics. While 
the research work successfully demonstrated fabrication of high-density 
microlens array, more data needs to be collected to derive an even 
robust empirical models from showcasing how the photopolymerization 
process takes place in single-shot vat photopolymerization printing. This 
research has paved the way toward developing optimization models for 
printing densely packed high-resolution micron scaled features with 
enhanced uniformity and tunability. Our forthcoming research is 
centered on the creation of robust simulation models that combine 
physics-based approaches with data-driven techniques. We anticipate 
that these advanced models will significantly contribute to process 
optimization and image planning, particularly in the context of high- 
resolution projection micro stereolithography for high-density feature 
fabrication. The work can be further extrapolated in multi-layer 3D 
printing applications in achieving controlled porosity, intricate infills, 
and optimized supports. 
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