RESEARCH ARTICLE

W) Check for updates

ADVANCED
OPTICAL
MATERIALS

www.advopticalmat.de

Modeling and Improving Geometric Accuracy in Projection

Multiphoton Lithography

Anwarul Islam Akash, Jason E. Johnson, and Xianfan Xu*

Projection multiphoton lithography (PMPL) is a promising alternative to
conventional voxel-by-voxel serial writing lithography, offering significant gain
in fabrication speed. However, this high throughput can come at the expense
of geometric accuracy, as printed structures can deviate from the intended
patterns displayed on the digital micromirror device (DMD). To uncover the
origins of these deviations, a numerical framework is developed that solves
coupled 3D reaction-diffusion equations and captures the underlying
photochemical processes of projection-based printing. Simulations of
elementary geometries such as circles and rectangles, which serve as building
blocks of complex architectures, reveal that oxygen inhibition, oxygen

applications remains limited due to the in-
herently slow throughput of conventional
voxel-by-voxel serial writing. To overcome
this limitation, strategies have been devel-
oped that can boost fabrication speed by
several orders of magnitude, like multi-foci
scanning enabled by a diffractive optical
element!**! or holography!*>!¢! and projec-
tion multiphoton lithography (PMPL).[7:18]

The strategy of projecting an entire layer
at once to increase throughput has been
successfully demonstrated with single-

diffusion from surrounding regions, and intensity variations due to DMD
diffraction are the dominant sources of geometric distortion. Guided by these
insights, pre-exposure and asymmetric compensation strategies are proposed
that modify the projected patterns to counteract these effects. Simulations
and experiments indicate that these approaches hold promise for mitigating
distortions and improving the fidelity of printed structures, offering a pathway
toward more accurate, high-throughput 3D microfabrication.

1. Introduction

Two-photon polymerization (TPP) using a femtosecond laser,
also referred to as multiphoton polymerization (MPP), is a light-
based additive manufacturing (AM) technique capable of fabri-
cating complex 3D structures with sub-micron features by lever-
aging the nonlinear nature of multiphoton absorption.['** Offer-
ing exceptional design freedom and nanoscale prototyping capa-
bilities, MPP has been applied across diverse fields, including
optics and photonics,l>”) microrobotics,®°] bioengineering,!1%1!]
and metamaterials.['213] Despite its superior resolution and ge-
ometric accuracy, the widescale adoption of MPP in industrial
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photon polymerization, achieving resolu-
tions ranging from ~0.6 to 100 um depend-
ing on the printed structure.2!l Efforts
to realize projection-based MPP while
preserving  consistent sub-micrometer
resolution have prompted the development
of several approaches, primarily involving
the use of gratings to induce dispersion
and subsequent spatiotemporal focusing of
the laser pulse for improved axial confine-
ment of intensity.?223] More recently, the
implementation of DMDs has simplified
the optical setup by combining the dispersive component and
spatial amplitude modulation into one device, allowing for highly
confined patterned polymerization within a very thin layer.['7:18]
In PMPL, a high-intensity femtosecond laser beam is projected
onto a DMD that patterns the beam according to the displayed 2D
pattern, enabling the fabrication of an entire slice in a single expo-
sure. The angular dispersion inherently introduced by the DMD
stretches the pulse duration, resulting in insufficient intensity for
MPP. However, at the print plane, the optical system recombines
the dispersed spectral components and therefore compresses the
pulse at the image plane, hence termed spatiotemporal focusing,
achieving sufficient pulse intensity for printing only within a sub-
micrometer region along the optical axis. While PMPL provides
high throughput, geometric inaccuracies such as edge and cor-
ner feature loss?*2%] and structural asymmetry can be significant
at the submicrometer level. Although these deviations are often
attributed primarily to oxygen inhibition in serial writing,[2’-*°]
additional contributing factors can be present in PMPL.
Addressing geometric inaccuracies requires a rigorous un-
derstanding of the fundamental sources of geometric devia-
tions in PMPL and the development of systematic compensa-
tion strategies. A physics-based model that captures the un-
derlying photopolymerization dynamics is therefore essential.
Both empirical and physics-based models have been employed
to describe various phenomena in serial writing,[?3%3%] and
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Figure 1. a) Simplified schematic of the projection printing experimental setup. b) Normalized temporal intensity distribution for selected axial
z-positions at the optical axis center location (x = 0, y = 0). ¢) Spatiotemporal focusing of the normalized intensity distribution in the x-z plane (y
=0) for a 6.75 X 6.75 um rectangular pattern, showing recombination of dispersed components at the print plane. d) Intensity distribution of a 6.75 um
diameter circle at the print plane (z = 0). ) Intensity distribution of a 6.75 X 6.75 um rectangle at the print plane (z = 0). Subfigures (d) and (e) share a

common colorbar.

micro-stereolithography,®! while lumped parametric models
combined with predictive algorithms and precompensation
strategies have been used to improve geometric fidelity.>*3>] Al-
though existing modeling efforts in PMPL provide valuable foun-
dations, they do not adequately capture the influence of oxy-
gen inhibition and other process parameters on geometric de-
viations, nor do they explore potential strategies for systematic
mitigation.367]

In PMPL, sequentially projected 2D patterns are stacked to
form the final 3D structure. Ideally, each layer should exhibit
a flat, uniform profile. However, in practice, edges tend to
under-polymerize, resulting in a dome-like layer with rounded
corners, asymmetric shrinkage, and other distortions. Conse-
quently, achieving high-fidelity 3D structures requires improv-
ing the accuracy of the microstructures generated from each 2D
layer. Data-driven approaches have recently demonstrated effec-
tiveness in this regard. Bayesian optimization with Gaussian-
process-based active machine learning,?°! and convolutional au-
toencoder frameworks,[*® have successfully compensated for cor-
ner rounding and dimensional inaccuracies in 2D layers, occur-
ring primarily due to oxygen inhibition, yielding substantial im-
provements in 2D accuracy. Despite these advances, at present,
machine learning based approaches remain limited in their abil-
ity to capture the underlying physics responsible for geomet-
ric inaccuracies in PMPL. To address this gap, in this work,
we present a numerical framework that incorporates the optical
and photochemical processes involved in the spatiotemporally fo-
cused projection-based 3D printing. The optical model accounts
for the angular dispersion introduced by the DMD, leading to
temporal focusing at the print plane and the diffraction effect that
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induces intensity variations across the projected pattern.l'8! The
photochemical model numerically solves the coupled reaction-
diffusion equations describing photopolymerization kinetics, al-
lowing us to track the time-dependent concentrations of reac-
tion species during the fabrication of circles and rectangles un-
der varying intensity and exposure conditions. We demonstrate
that this model is capable of capturing the size dependence of the
threshold dose and of accurately simulating the printed 3D pro-
files of various 2D patterns. Moreover, this model allows us to fur-
ther investigate the role of oxygen diffusion, demonstrating that
local oxygen inhibition and diffusion from the surrounding re-
gions lead to corner rounding and feature under-polymerization,
while the interaction between DMD diffraction and oxygen in-
hibition produces asymmetric distortions. Building on these in-
sights, we propose general compensation strategies, including
pre-exposure and asymmetric pattern modifications, that adjust
the projected DMD patterns to improve the geometric accuracy
of printed structures.

2. Modeling Framework

2.1. Optical Field Propagation

A simplified schematic of the experimental setup is presented
in Figure 1a, following the configuration reported previously.[?¢!
A 12 mm diameter beam from a Ti-sapphire regenerative am-
plifier operating at 5 kHz repetition rate, 800 nm center wave-
length, and 30 nm bandwidth is incident on a DMD, which op-
erates as both a pattern generator and a diffraction grating. The
dispersed beam from the DMD is then collected by a lens and
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relayed to the back focal plane of a 100x oil immersion objec-
tive (see the Experimental Section). Spatiotemporal focusing is
achieved because both the pattern and dispersion originate from
the same conjugate plane at the DMD. With the collector lens and
the objective lens in a 4f configuration, this arrangement recom-
bines the dispersed spectral components of the laser pulse at the
print plane, submerged in a liquid photoresist. The photoresist
mixture consists of monomer pentaerythritol triacrylate (PETA)
with 0.38 mol% (2E,6E)-2,6-Bis (4-(dibutylamino) benzylidene)-
4-methylcyclohexanone (BBK) as photoinitiator.

A Fourier optics model can be employed to simulate the spa-
tiotemporal propagation of a pulse through this system.['8] A
scalar plane wave light field comprising frequencies w with a
Gaussian distribution is incident on the DMD as,

(0-00)?

U, (x,y0) =Ae < (1)

where A is the amplitude, (x,y) are the DMD spatial coordinates,
w, is the central frequency, and Q denotes the spectral full width
athalf maximum (FWHM). Treating the DMD as a 2D diffraction
grating, the wavelength-dependent diffraction introduced by the
DMD is applied to the light field as a phase term:[*]

. Vin (i)
bpmp = T T ()

where m = 3 is the diffraction order that satisfies both the grat-
ing equation and the specular reflection condition of the blazed
grating, d =7.637 um is the DM D mirror pitch, and 4 is the wave-
length component of the light field centered at 4,. The light field
leaving the DMD is then given by,

Uy (xd’ Ya a)) =U; (x,y.0) H(xy) dpmp (3)

where H(x,y) is the binary mask representing the projected
DMD pattern. The subsequent propagation through the collect-
ing lens, U,, and an objective lens, Uy, is obtained using the
Fourier transforming properties of lenses and the angular spec-
trum method.[*"]

Uy (%4, y0 @) = —ALf]F{Ud (%4 Yo @) } “4)

_jn j 2 Z, _Jﬂy; x424y4”
Uy (xf’YﬂZ’“’) = sz ¢ (2 )F{UA (%4, ¥4, @) Pe " ( )} 5)

where F{-} denotes the Fourier transformation, f; and f, are the
focal lengths of the collecting and objective lenses, respectively,
P is the pupil function describing the back aperture of the objec-
tive lens, n is the refractive index of the photoresist, and z is the
distance from the print plane.

Using this system of equations, the spectral and temporal in-
tensity profiles corresponding to any DMD pattern can be sim-
ulated. Since temporal focusing and pulse front tilt from the
DMD cause both the pulse duration and the pulse arrival time
to vary across the 4D domain (x, y, 2, t), the optical model ex-
tracts the time-resolved intensity profile at each spatial location.
To efficiently represent this information, the effective pulse ar-
rival time is tracked using the temporal center of mass of the
local intensity profile. A 1500 fs time window centered on this
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point is then recorded, which ensures that the entire spatiotem-
poral pulse structure is captured consistently at each pixel while
avoiding unnecessary data inflation. Since the timescale of the
pulse front tilt is small relative to the timescale of the polymer-
ization reaction, we assume it has minimal effect and center all
the temporal pulse profiles within a 1500 fs window to allow for
significant compression of the time dimension of the 4D inten-
sity array. The resulting profile is then used in the photopolymer-
ization model described in the next section.

Figure 1b shows the calculated normalized temporal inten-
sity profiles at the optical axis center (x = 0, y = 0) for selected
axial z-positions. Away from the print plane (z = 0), the pulse
undergoes temporal stretching, resulting in a reduced peak in-
tensity. This behavior highlights how spatiotemporal focusing
confines the pulse energy at the focal plane, while the chosen
1500 fs time window fully encompasses the pulse profile even
at the most stretched spatial locations. Figure 1c demonstrates
this effect by showing the calculated x-z spatiotemporal inten-
sity distribution at y = 0 for a 6.75 X 6.75 pm rectangular pat-
tern. The dispersed spectral components recombine at the print
plane to achieve maximum intensity. The z-axial confinement of
this distribution largely determines the thickness of each printed
layer. Figure 1d,e shows the calculated intensity distributions at
the print plane for two projected patterns: a 6.75 pm diameter
circle and a 6.75 X 6.75 um rectangle, respectively. In both cases,
the distributions are evaluated at the midpoint of the time win-
dow, when each spatial location reaches its peak intensity, thereby
confirming the temporal confinement of the pulse. However, the
intensity distribution is not uniform across the entire pattern. In-
tensity variations along the y-direction arise from DMD diffrac-
tion, with the maximum intensity occurring at the top and bot-
tom horizontal edges of the projected pattern.

2.2. Photochemical Kinetics

A numerical model was developed to describe the photochemi-
cal processes involved in PMPL. This model takes the patterned
light intensity distribution from the optical model as an input and
builds upon prior modeling work on serial writing,?*3!] extend-
ing it to projection-based systems. Figure 2a illustrates the modi-
fied Jablonski diagram, which incorporates the triplet absorption
(TA) pathway recently proposed for the BBK photoinitiator.[*!]
The 800 nm fs laser induces simultaneous absorption of two
photons from the ground state (S,) to the excited singlet state
(S;). From S;, molecules can either return to S, via fluorescence
(Fl) or undergo intersystem crossing (ISC) to the lowest energy
triplet state (T;), depending on the triplet quantum efficiency
of the photoinitiator. Molecules in the T, state can relax back
to S, via phosphorescence (Ph) or nonradiative internal conver-
sion, or they may participate in radical generation pathways de-
pending on the photoinitiator type (Norrish type I or II). For the
BBK photoinitiator in the absence of a co-initiator, it is proposed
that the dominant process involves absorption of a third pho-
ton via TA to reach a higher energy triplet state (T,). From T,,
BBK can generate radicals either through intermolecular hydro-
gen atom transfer (HAT) with the monomer PETA or via photol-
ysis of carbon-carbon and carbon-nitrogen bonds.[*!l Since BBK
exhibits very weak self-deactivation,[*?] the reverse intersystem
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Figure 2. a) Modified Jablonski diagram considered for the model. From the ground state (S,), photoinitiator molecules are excited to the singlet state
(S7) through two-photon absorption (TPA). From S;, they can either relax back to S, via fluorescence (Fl) or undergo intersystem crossing (ISC) to
reach the lowest energy triplet state (T;). From T;, the molecules can either return to the ground state through phosphorescence (Ph) or absorb another
photon via triplet absorption (TA) to reach a higher-energy triplet state (T,). From the T, state, radicals are generated through both photolysis and
intermolecular hydrogen atom transfer (HAT). These radicals then react with free monomers to initiate polymer chain formation or are terminated by
oxygen. b) Threshold intensity measurements for circle diameters ranging from 1to 10 um, comparing simulated and experimental results. The threshold
intensity is defined as the minimum average intensity below which no polymerized material is observed. Error bars on the experimental data represent
the uncertainty associated with the discrete step size in intensity measurements (+ step size/2).

crossing (RISC) pathway is not considered in the model. The gen-
erated radicals then react with free monomers to form macrorad-
icals, initiating polymer chain growth, or are quenched through
reactions with oxygen. Although radical generation directly from
the T, state, as reported in earlier models,**3!] can be incorpo-
rated in this framework, recent work suggests radical generation
from the T, state is the primary pathway for polymerization.[*!]
Therefore, we present this model with radical generation from
the T, state.

The chemical processes underlying photopolymerization can
be described by a set of spatiotemporal concentration rate
equations.3%3143] The equations are divided into two sections: (i)
excitation kinetics of the photoinitiator through multiphoton and
triplet absorption pathways, and (ii) subsequent radical-mediated
polymerization reactions. The dynamics of the ground-state pho-
toinitiator [PI], the lowest triplet state [T,], and the higher triplet

state [T,] are given by:(3%31]
d[PI
[at ] — dp[Vz [PI] - ¢TO'2(I)2 [PI] + kph [Tl] (6)
a[T1]= $16,9* [PI] — k,, [T}] = = [T}] 7
ot T2 ph |41 N, 1
o[T,]
LN R

In Equation (6), the terms on the right-hand side represent
photoinitiator diffusion, change of the ground state photoinitia-
tor due to two-photon absorption (TPA) and fluorescence, and re-
covery due to phosphorescence, respectively. Here, d,, is the pho-
toinitiator diffusivity, ¢ the triplet quantum yield, o, the TPA
cross-section, ® = I(x, y, z, t)/hv the photon flux, and k,, the
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kinetic rate coefficient for phosphorescence. The S, state is not
explicitly considered in the model since ISC is assumed to be
instantaneous.I**] Thus, ¢ accounts for all the losses from the
S, state through fluorescence and other nontriplet pathways.[*4]
The last term in Equation (7) describes the transition from T to
T, via TA, where ¢ is the molar extinction coefficient and N, Avo-
gadro’s number. Equation (8) includes radical generation path-
ways from the T, state, where k, and k,,; are the kinetic rate co-
efficients for HAT and photolysis, respectively. The subsequent
radical-mediated polymerization steps are captured by the follow-
ing equations:3031:43]

% =k, [T,] +4ky; [T,] - K [RI[M] - k, [R] [MR] — 2k [RP? — k. [R1[Z] (9)
9 [ZR] =k, [T,] +k [RI[M] - k, [R[MR] - 2k,[MR]? - k, [MR] 2] (10)
% =d, V*[Z] -k, [R][Z] -k, [MR][Z] (11)
% = —k,[RI[M] — k, [M][MR] — k, [T, (12)
% =k [RI[M] +k, [M][MR] +k, [T,] (13)

Equations (9)—(12) describe the kinetics of radicals [R], macro-
radicals [MR], inhibitors (oxygen) [Z], and free monomers [M],
respectively. BBK generates two radicals through HAT with the
PETA monomer, yielding one ketyl radical on BBK and one alkyl
radical on PETA. Furthermore, due to the two tertiary amine
groups present in BBK, it is proposed that up to four radicals
can be generated through photolysis.l*!) Here, k;, k,, k., and k,

denote the kinetic rate coefficients for initiation, termination,
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Parameter Symbol Value Source
Laser center wavelength 800 nm Measured
Bandwidth 30 nm Measured
Repetition rate 5 kHz Measured
Pulse duration 40 fs Measured
Beam diameter 12 mm Measured
System (de)magnification 90 Measured
Average intensity 90.3-240.7 [W cm~2] Measured
Peak intensity 4.24%10"-1.13 x 10'2 [W cm~2] Measured
Free monomer initial concentration M]; 3900 [mol m~3] Measured
Photoinitiator initial concentration [PI; 15 [mol m™3] Measured
Inhibitor initial concentration [2); 6 [mol m™3] [27]
Triplet quantum yield o 0.90 [31,47]
Kinetic rate coefficient for initiation k; 50 [m* mol~' s71] [49]
Kinetic rate coefficient for termination k, 1[m? mol~"s™1] [50]
Kinetic rate coefficient for inhibition k, 3.82 x 10* [m* mol~" s71] [30,31,43]
Kinetic rate coefficient for phosphorescence Ko 8.94 x 10% [s7"] [41]
Kinetic rate coefficient for radical generation (HAT) k, 1.06 x 10° [s7"] [30,57]
Kinetic rate coefficient for radical generation Kypi 1.06 x 10* [s7"] ~ 0.1k,
(Photolysis)
Photoinitiator diffusivity dp) 222x 107" [m?2s7] [30]
Kinetic rate coefficient for propagation k, 100 [m3 mol='s71] 114.5 [m3 mol~" 5711521
Two-photon cross section o, 200 [GM] 191 [GM](53]
Excited state molar extinction coefficient 13 000 [M~'cm™] 10 000 [M~'cm~1]154]

Oxygen diffusivity d,

7.48 x 10710 [m? s71] 2.27 x 10710 [m? s71]1#3]

inhibition, and propagation, respectively. The diffusivity of oxy-
gen is represented by d, in Equation (11), while the concentra-
tion of converted monomers is denoted by C in Equation (13).
Recent work shows the possibility of nonlinear absorption by the
monomer itself.*”] PETA monomer has been shown to induce
polymerization via a highly nonlinear 7-photon photoionization
process, using ~25x higher fluence or ~5x higher peak intensity
compared to the present work (the absorption cross-section is
unknown).*8) On the other hand, the two-photon cross-section
of the BBK photoinitiator parent molecule is very large, as listed
in Table 1. Therefore, the contribution of nonlinear absorption
by PETA is expected to be negligible and is not considered in the
present model.

All governing equations were solved numerically using the for-
ward time centered space (FTCS) method implemented in MAT-
LAB. The spatiotemporal concentration fields were discretized
on a uniform grid with 0.06 um spatial step size, determined
by the DMD pixel spacing and system magnification. Time step-
ping was performed explicitly with a stability-limited step size of
0.1 ps, which is well within the Neumann stability criteria for ex-
plicit diffusion of both oxygen and photoinitiator, and sufficiently
small to capture the temporal evolution of reaction species. A
shorter time step of 15 fs was used during pulsed laser illumi-
nation. The PMPL process was simulated with a time-resolved
intensity distribution over a 14.4 um X 14.4 um X 4.0 um com-
putational domain, which was sufficiently large to avoid bound-
ary artifacts for the projected patterns. To simulate the presence
of the substrate surface, no-flux Neumann boundary conditions
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were applied at z = 0, while fixed concentration Dirichlet bound-
ary conditions were applied at all other boundaries for oxygen
and photoinitiator diffusion. Table 1 summarizes the parameters
used in the model along with their respective sources. Most pa-
rameters were either measured or taken from literature, while
the last four parameters, kinetic rate coefficient for propagation,
two-photon cross-section, excited state molar extinction coeffi-
cient, and oxygen diffusivity, were adjusted around reference val-
ues to reproduce both the intensity vs threshold relationship in
Figure 2b and the height map profiles in Figure 3.

3. Results and Discussion

3.1. Experimental Characterization and Model Validation

In PMPL, patterned laser light from the DMD polymerizes the
desired layer inside a liquid photosensitive resin, and 3D objects
are fabricated by sequentially stacking these layers. To evaluate
the model’s ability to predict printability under varying intensity
and exposure conditions, we conducted an experiment analogous
to the threshold power vs exposure tests commonly reported in
MPP literature.[?”*] Since PMPL uniquely enables printing of an
entire layer in a single exposure, threshold intensity tests were
performed on circles with diameters ranging from 1 to 10 pm.
Immediately after printing, printability was assessed using the
in-situ quantitative phase imaging (QPI) method.>! For each
diameter, with exposure fixed at 1100 ps, the average laser in-
tensity was varied until no printed material was detected in the

© 2026 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH

95U8017 SUOWILLIOD BAII1D 3|qeal|dde au Aq peusenob ae sejoie O ‘esn Jo sajn o} Aelqi auljuQ 8|1/ UO (SUONIPUOD-PUR-SWB)/W0D A8 1M Aleiq 1pul|uo//Sdny) SUONIPUOD pue SWe | 8Y1 89S [920z/T0/0z] Uo Ariqiauliuo A8 ‘STE0SZ0Z WOPe/Z00T OT/I0p/Wiod Ao |ImAfeiq1jpuluo"pedueApe//Sdny Wwouy papeojumod ‘0 ‘TZ0TS6TE


http://www.advancedsciencenews.com
http://www.advopticalmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

Simulated height map

Experimental height map

www.advopticalmat.de

Absolute error

(" a 065 )
137 1.43
, 0.49
£ 103 2 1.07 £
e o
2, o =1 0.71 032 =
50 50 s
8 2 03 2 035 &
T -2 5 0 Q T - 0.16
x 2 W 0
a’ﬂy 2 3 a”h} 2 o
NG /
4 N\
b 0.65
1.68
1.55
1.26
117 = . —
\g; 1S g
0.77 =1 084 = =
038 T 0.42 =
0
X (Mm)
_ /

Figure 3. Comparison of experimental and simulated height maps for a) a 6.75 X 6.75 um rectangle and b) a 6.75 um diameter circle. Simulated maps
are obtained from the highest z-coordinate where monomer conversion exceeds the threshold, while experimental maps are measured using quantitative
phase imaging (QPI). Absolute error maps show differences between simulation and experiment, with mean errors of 136 nm for the rectangle printed
at 140.4 W cm=2 with 1500 ps exposure, and 134 nm for the circle printed at 130.3 W cm~2 with 2100 ps exposure.

processed QPI images. The smallest size of the printed mate-
rial that can be observed at threshold differs for different pro-
jected circle diameters. The threshold intensity, therefore, sim-
ply indicates the intensity below which no printed material is ob-
served in the QPI image. In the model, the degree of monomer
conversion was quantified as the ratio of converted monomer C
in Equation (13) to the initial monomer concentration. A spa-
tial point was considered printed if monomer conversion at that
point exceeded 20%.127435¢] Below the simulated threshold inten-
sity, there is no location within the simulated volume where the
monomer conversion exceeds this conversion threshold.

Figure 2b shows the threshold intensity vs circle diameter rela-
tionship obtained experimentally and through simulations. The
experimental average intensity values were measured with a step
size of ~#10 W cm™2. The error bars in experimental data repre-
sent the associated uncertainty (+ step size/2). At small diam-
eters, radicals generated during the fixed 1100 ps exposure are
rapidly quenched by oxygen, requiring high laser intensity for
successful printing. As the diameter increases, more radicals are
available from larger areas to sustain polymerization despite oxy-
gen inhibition, thereby lowering the intensity requirement. This
trend eventually plateaus, as insufficient radical generation at low
intensity cannot overcome oxygen inhibition regardless of circle
size or exposure. Both experimental and simulation results fol-
low this characteristic behavior. The deviations observed in the
experimental data may be attributed to the pulse-to-pulse inten-
sity fluctuations (+£7%) in the laser output, which become non-
negligible given the limited number of pulses used in this exper-
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iment (1100 ps, corresponding to ~6 pulses). The overall inten-
sity resulting from such fluctuations alters the number of radi-
cals available to counter oxygen inhibition and sustain monomer
conversion, thereby increasing or decreasing the area where suf-
ficient monomer conversion is achieved.

For a uniformly bright pattern projected onto the DMD, the
printed layer would ideally exhibit a flat and uniform profile.
In practice, however, the layers show corner rounding, feature
under-polymerization, and asymmetric distortions, producing
dome-like structures, as shown in Figure 3.

The first column of Figure 3 shows simulated height maps, ob-
tained by tracking the z-position at each (x, y) coordinate where
monomer conversion reaches the 20% threshold. The middle col-
umn presents experimental height maps, measured immediately
after printing using the in situ QPI method and processed with
an edge detection algorithm. The right column compares experi-
mental and simulated height maps, displaying the mean abso-
lute error at each spatial location. Figure 3a corresponds to a
6.75 pm X 6.75 pm rectangle printed at 140.4 W cm™2 average
intensity and 1500 ps exposure, and Figure 3b corresponds to a
circle of 6.75 um diameter printed at 130.3 W cm ™ average inten-
sity and 2100 ps exposure. In both cases, the mean absolute error
between experiment and simulation is ~140 nm, demonstrating
that the model reliably captures experimental trends. It is also
noticed that although the projected patterns are symmetric, both
experimental and simulated results reveal asymmetric structures
with larger dimensions along the y-axis. This asymmetry arises
from DMD diffraction, which produces higher peak intensities
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Figure 4. Temporal evolution of the reaction species during printing of a 6.75 um diameter circle at 160.4 W cm~2 average intensity and 900 ps exposure.
a) Simulated height map showing radial variation in structure height and reduced final shape. b) Temporal evolution of photoinitiator concentration
at different radial positions. c¢) Temporal evolution of oxygen concentration at the same positions. d) Corresponding monomer conversion profiles.

Subfigures (b)—(d) share a common legend.

along the top and bottom horizontal edges, as can be seen in
Figure 1d,e. The increased intensity supplies more radicals to
overcome oxygen inhibition in this direction, thereby enhancing
polymerization and leading to asymmetric growth. Additionally,
a continuous reduction in feature size along the z-axis, from cen-
ter to edge, produces a dome-shaped structure due to oxygen in-
hibition, consistently observed both in experiment and simula-
tion. For all plots, the x-axis and y-axis limits are set to match the
projected pattern dimensions (6.75 pm in each direction), high-
lighting the reduction in feature size along the boundary. Similar
results were observed across nine different intensity and expo-
sure conditions for both circular and rectangular patterns, with
the model reliably reproducing the results with a mean absolute
error of ~#150 nm.

3.2. Dynamics of Oxygen Diffusion and Inhibition
To investigate the role of oxygen in feature size reduction and
polymerization inhibition at the perimeter, we analyzed the tem-

poral evolutions of reaction species under different intensity and
exposure conditions for both circular and rectangular patterns.

Adv. Optical Mater. 2026, €03185 e03185 (7 of 11)

As a representative case, we examined the time-dependent con-
centration changes during the fabrication of a 6.75 um diameter
circle printed at 160.4 W cm™2 average intensity with a 900 ps
exposure. The relatively low number of pulses (5 pulses) in this
condition facilitates the study of pulse-to-pulse variations, while
the circular geometry provides a clear basis for identifying feature
size reduction. The simulated height map in Figure 4a reveals a
reduction in structure height along the radial direction and a loss
of feature size beyond a ~3 um radius, resulting in a final printed
feature of only ~6 pm instead of the projected 6.75 um diame-
ter indicated by the dotted circle. The underlying mechanism is
elucidated by examining variations in photoinitiator, oxygen, and
converted monomer concentrations as functions of time and ra-
dial location, as shown in Figure 4b—d. In Figure 4b, photoini-
tiator molecules are periodically consumed by pulsed excitation
every 200 s, followed by replenishment through diffusion from
the surrounding region. However, even at the center location (x
= 0 pm), the concentration never approaches zero. Thus, the re-
duction in photoinitiator concentration cannot solely explain the
geometric deviations observed in this work. In contrast, oxygen
plays a critical role in limiting the spatial extent of polymeriza-
tion, as illustrated in Figure 4c,d. At the circle center (x = 0 um),
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Figure 5. Effects of oxygen diffusion on a 6.75 X 6.75 um rectangle printed at 140.4 W cm™2 average intensity and 1500 ps exposure. The baseline oxygen
diffusivity value of 7.48 x 10719 m? s~ is taken from Table 1. a) Without oxygen diffusion, polymerization is less confined in height, and diffraction-
induced deviations are amplified. b,c) Increasing oxygen diffusion (0.5% diffusivity and 1x diffusivity) confines the structure in the z-direction but causes
loss of sharp features at the corners and asymmetric polymerization. d) Excessive diffusion (2x diffusivity) results in substantial feature loss in both

height and lateral dimensions.

oxygen is depleted to near zero within two pulses (~400 ps), en-
abling monomer conversion above the threshold. This timescale
is consistent with the intrinsic polymerization time of ~300 ps
reported for MPP.[?7] At intermediate positions (x = +2.5 um to
x = +3 um), oxygen is also sufficiently consumed to permit poly-
merization, though continuous diffusion from the surroundings
reduces the achievable structure height. At the outer boundary (x
= 3.36 um), however, oxygen is never fully depleted, preventing
the monomer conversion from exceeding the threshold. Conse-
quently, no stable polymerization occurs at this location, leading
to the observed under-sizing of the printed feature relative to the
projected DMD pattern.

Although oxygen inhibition contributes to geometric devia-
tions in PMPL, it also plays a beneficial role by confining poly-
merization axially and smoothing artifacts of diffraction in the
intensity profile. To investigate the coupled effects of oxygen in-
hibition and diffraction, Figure 5 illustrates the influence of oxy-
gen diffusivity (d, = 7.48 X 1071° m? s7!), taken from model pa-
rameters listed in Table 1, on a rectangular structure printed at
140.4 W cm~2 with a 1500 pus exposure time. In the absence of
oxygen diffusion, polymerization begins immediately after local
oxygen depletion and proceeds uncontrollably until all generated
radicals are consumed, thereby exacerbating the diffraction ef-
fects, as shown in Figure 5a. As oxygen diffusivity increases, poly-
merization becomes increasingly confined, with inhibition sup-
pressing reactions in regions of lower intensity where fewer rad-
icals are generated. This confinement reduces uneven surfaces
caused by diffraction but also results in a gradual loss of sharp
features, particularly at the corners, as evident in Figure 5b,c. Fur-
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thermore, diffraction introduces intensity variations in the pro-
jected pattern, with the highest intensity occurring at the top and
bottom horizontal edges as seen in Figure 1d,e. The increased
radical generation at these edges reduces the effectiveness of oxy-
gen inhibition along the y-axis relative to the x-axis, producing
asymmetric structures consistent with the distortions observed
experimentally in Figure 3. At very high oxygen diffusivity, poly-
merization is excessively suppressed, leading to substantial fea-
ture size reduction along both axes, as shown in Figure 5d. These
results highlight the dual role of oxygen diffusion. While it sup-
presses uncontrolled polymerization and partially compensates
for diffraction artifacts, excessive diffusion compromises feature
fidelity. Counter-strategies are therefore needed to balance and
mitigate the coupled effects of oxygen inhibition and diffraction
in PMPL.

3.3. Proposed Strategy for Printing a Uniform and Symmetric
Structure

To achieve a printed layer that better matches the projected pat-
tern, we propose two key strategies. First, oxygen must be de-
pleted from the exposed area during projection to prevent under-
polymerization and corner rounding. Second, asymmetric distor-
tions arising from DMD diffraction and oxygen inhibition must
Dbe corrected by projecting modified patterns with inherent asym-
metry. These strategies are illustrated in Figure 6 for both rectan-
gular and circular features. Figure 6a,b shows the compensation
approach for a 6.75 X 6.75 um rectangle, while Figure 6¢,d shows
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Figure 6. Compensation strategies for rectangular and circular features in PMPL. a) Uncompensated and b) compensated 6.75 X 6.75 um rectangle
results, and c) uncompensated and d) compensated 6.75 um diameter circle results. In (b) and (d), model predictions using the modified patterns
are shown on the left, and the experimental results for the same modified patterns are shown on the right. The compensation strategy employs six
sequentially projected patterns with varying exposure times, shown at the top of (b) and (d). A 13 um pre-exposure pattern to deplete oxygen, projected
for 398 us, two 6.75 um patterns to print the target geometry, and three asymmetric ring-shaped patterns, all projected at 798 us each. For the asymmetric
rings, the outer dimensions match the intended feature, while inner borders are adjusted along x and y to introduce asymmetry (2 um rings: 2 um X 1 um;
1 um ring: T um X 0.5 um). The unmodified structures in (a) and (c) are printed at 130.3 W cm™2 average intensity for 2100 us, while the compensated

patterns in (b) and (d) are printed at 120.3 W cm~2.

the results for a 6.75 um diameter circle. In each case, the left col-
umn shows experimental prints from unmodified patterns pro-
jected with 130.3 W cm 2 average intensity for 2100 ps. The right
column shows results using compensated patterns designed to
correct for oxygen inhibition and diffraction. The left image in
the right column presents model predictions using the modified
patterns, while the right image shows experimentally improved
results achieved with these modifications. The projected patterns
used in each case are also displayed, with white and black regions
representing on/off pixels in the DMD, respectively.

The compensation strategy employs six sequentially projected
patterns at 120.3 W cm~? with varying exposure times. Since the
DMD operates at 4 kHz (x250 ps per pattern), per-pattern expo-
sure times of 398 us (2 pulses) and 798 ps (4 pulses) were se-
lected to ensure consistent pulse counts with the 5 kHz print-
ing laser. From Figure 4, two pulses at 160.4 W cm~2 are suf
ficient to deplete oxygen from a region and achieve monomer
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conversion above the 20% threshold. Thus, using a lower inten-
sity, two pulses can sufficiently remove oxygen without inducing
polymerization above the threshold. Based on this principle, the
first 13 um pattern acts as a pre-exposure, depleting oxygen over
a larger region without polymerizing with two pulses (398 ps),
ensuring that oxygen does not diffuse back before the subse-
quent intended patterns are projected. The 13 pm size is chosen
to fit within the simulated volume, but any sufficiently large pre-
exposure pattern could serve the same purpose. In the absence
of in-situ power control, the same intensity is used for each laser
pulse, and the total dose per pattern is adjusted by changing the
exposure time per pattern. The remaining compensated patterns
are each projected for 798 ps (4 pulses). The second and third
6.75 um target patterns polymerize the intended rectangular or
circular feature. The fourth, fifth, and sixth patterns are asymmet-
ric ring-shaped modifications introduced to correct both diffrac-
tion and oxygen inhibition. Each ring-shaped pattern has outer
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dimensions matching the intended feature size, while the inner
dimensions are adjusted differently along x and y to correct asym-
metry. The fourth and fifth rings have a 2 pm border along x and
1 um along y, while the sixth pattern has a 1 um border along x
and 0.5 um along y. Since the total exposure of the compensated
patterns is higher than that of the original patterns, which are
projected for 2100 ps at an average intensity of 130.3 W cm™2,
the compensated patterns are projected at a lower average inten-
sity of 120.3 W cm™2 to maintain a comparable total dose and
avoid over-polymerization. In all plots, the x-y axes correspond to
the dimensions of the original pattern projected onto the DMD.
The results show that compensated patterns, particularly the pre-
exposure step, effectively mitigate under-polymerization and cor-
ner rounding caused by oxygen inhibition. The asymmetric rings
produce more symmetric structures, countering the distortions
arising from oxygen inhibition and diffraction. They also reduce
the gradual decrease in feature height along the z-axis, which oth-
erwise produces dome-shaped profiles. Compared to prints from
unmodified patterns, the compensated approach yields a flat-
ter structure with improved fidelity. Some residual curvature re-
mains at the edges, indicating that further optimization is needed
to achieve sharper boundaries. Nonetheless, the enhanced ex-
perimental results in Figure 6 highlight the effectiveness of se-
quential compensation in controlling feature geometry in PMPL.
This work provides a general framework for physics-guided opti-
mization. Future development can include machine learning and
other advanced tools to further optimize the compensation pro-
cess in PMPL.

4. Conclusion

In this work, we investigated the fundamental origins of geomet-
ric deviations in PMPL. By integrating a numerical framework
that combines optical modeling with reaction—diffusion simula-
tions of photopolymerization kinetics, we identified oxygen inhi-
bition and diffusion and DMD diffraction as the primary factors
driving printed feature size inaccuracies, sharp feature loss, and
asymmetries. Comparison between simulations and experimen-
tal height maps confirmed the predictive capability of the model,
with mean absolute errors between simulated and experimen-
tal height maps on the order of %150 nm. Systematic analysis of
threshold intensity vs circle diameter and time-dependent con-
centrations of reaction species confirmed the role of oxygen in
controlling printability in PMPL, similar to conventional MPP
across different intensity and exposure doses. Studies of oxy-
gen diffusivity highlighted its dual role. While oxygen confines
polymerization and suppresses uncontrolled growth, it also con-
tributes to the loss of sharp features and reduction in feature size.
The coupled effects of oxygen diffusion and DMD diffraction
in producing asymmetric distortions were also demonstrated.
Building on these insights, we proposed compensation strate-
gies that combine a pre-exposure step to locally deplete oxy-
gen with subsequent asymmetric pattern modifications to cor-
rect diffraction-induced distortions. Both simulations and exper-
imental results show the promise of these approaches in im-
proving the geometric accuracy of printed microstructures. Over-
all, this study establishes a physics-based foundation for under-
standing and compensating distortions in PMPL. By bridging
mechanistic modeling with experimental validation, the frame-
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work presented here provides a pathway toward more accurate
3D printing at high speed. Future work can extend this approach
to more complex geometries and adaptive, data-driven compen-
sation schemes for scalable nanofabrication.

5. Experimental Section

Experimental Setup: A 5 kHz Ti-sapphire regenerative amplifier (Co-
herent Legend Elite Duo USX) with ~40 fs pulse duration, 30 nm band-
width, and 800 nm center wavelength served as the excitation source.
Laser power was controlled using a half-wave plate (Thorlabs AHWP10M-
580) and a polarizing beam splitter cube (Thorlabs PBS25-780). The beam
was collimated and expanded to ~12 mm diameter using a lens pair con-
sisting of a concave lens (f = —125 mm, Edmund Optics #49-539) and
a convex lens (f =150 mm, Thorlabs LA1417-B). After passing through a
rShaper (AdIOptica zShaper 12_12_TiS_HP), the beam was incident on
a DMD (DLP4500NIR) at an angle of ~24° relative to the surface normal.
Diffracted light from the DMD was collected with an achromatic doublet
(f=180 mm, Thorlabs AC508-180-AB) and focused at the back focal plane
of a 100x oil immersion objective lens (Nikon, 1.49 NA). Structures were
printed in a dip-in configuration and positioned using a 3-axis air bearing
stage (Aerotech ABL1000 series). All laser powers were measured after
the polarizing beam splitter, with 7% of the measured power transmit-
ted to the print plane. Average intensity values were calculated based on
this transmitted power, the 12 mm beam diameter incident on the DMD,
and the system (de)magnification of 90. The printed structures were im-
aged through a CMOS camera (FLIR GS3-U3-32S4M) and analyzed with
the in situ quantitative phase imaging (QPI) method.[>®]

Photoresists: The photoresist was prepared by adding the
photoinitiator ~ (2E,6E)-2,6-Bis  (4-(dibutylamino)  benzylidene)-4-
methylcyclohexanone (BBK) to the monomer, pentaerythritol triacrylate
(PETA, Sigma-Aldrich), at a concentration of 0.38 mol%, which is the
highest concentration that can be homogeneously dissolved, followed
by sonication for 4 h. BBK was synthesized via an aldol condensation
reaction.[157]
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