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Grayscale digital light processing (DLP) 3D printing modulates light intensity in each pixel through grayscale
values, offering a promising approach for achieving high-resolution printed structures. However, existing
theoretical models and optimization methods typically rely on the assumuption of a photo-invariant resin, for
simplification. This study demonstrates that the curing depth varies even when the total accumulated dose re-
mains constant, indicating a photo-variant effect. To address this, a spatio-temporal optimization method along
with a model are developed, incorporating photobleaching effects, multilayer exposure, and Gaussian beam
propagation. The model accurately predicts variations in curing depths at constant doses. Structures are opti-
mized using this model, resulting in several significant improvements: channel heights are reduced to approxi-
mately one-fifth of the empirical minimum value with variations below 10 %; concave lenses are optimized with
smooth surfaces; and the stair-stepping effect is notably reduced. Additionally, an asymmetric stair-stepping
effect is identified between the left and right sides of objects printed at the corner, primarily caused by light
divergence. The developed model and spatio-temporal optimization algorithm pave the way for high-fidelity
grayscale DLP 3D printing.

1. Introduction

Digital light processing (DLP) 3D printing is a type of vat photo-
polymerization method that projects masked UV patterns to cure entire
layers of resin [1-6]. Various strategies have been developed to enhance
the precision of printed structures, including modifications to material
compositions [7-10], advancements in printing equipments [11-15],
and empirical optimization of printing parameters [16,17]. Despite
these advancements, these methods alone are insufficient to address
certain fundamental challenges because they do not involve adjusting
the light field. These challenges include fabricating subpixel features,
reducing stair-stepping effects, and overcoming empirical height limi-
tations on channels.

One promising approach is grayscale DLP 3D printing, which

modulates the intensity of light at each pixel to achieve high-resolution
printed structures [18-21]. The design of the grayscale field in DLP 3D
printing requires accurate theoretical models and inverse optimization
algorithms due to the vast design space involved. Existing models range
from reaction-diffusion models that consider detailed chemical pro-
cesses to models based on the Beer-Lambert law and complex physical
phenomena models implemented in finite element software [22-28]. To
faciliate inverse optimization, a commonly adopted assumption is that
the resin is photo-invariant, with its absorption properties remaining
unchanged during photopolymerization. This assumption allows the
printed depth to be analytically determined, facilitating inverse opti-
mization and leading to the conclusion that curing depth remains
consistent when the projection dose is the same. However, the
photo-invariant assumption is not valid for many photopolymer resins,
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as photoinitiators or photoabsorbers absorb photons and become inac-
tive, a phenomenon known as photobleaching.

Incorporating the photobleaching effect into theoretical modeling is
essential but challenging. This effect indicates that the attenuation co-
efficient of light intensity becomes a time-dependent function, that
transforms the partial differential equations in the photodynamics
model—one in the spatial domain and the other in the time domain—-
from uncoupled to coupled equations, thereby complicating both the
theoretical modeling and the inverse optimization processes. Previous
studies have investigated the variation in cured depth under different
manufacturing parameters, as well as their influence on minimum cure
energy and penetration depth. For instance, an interlaboratory study
identified significant variability in working curve data, critical cure
energy, and penetration depth [29]. The cured depth of a polymerized
gel network has been studied both experimentally and theoretically,
with results showing that the photoinitiator concentration influences the
curing depth and shrinkage under constant photonic energy [30]. Var-
iations in light intensity and wavelength have also been shown to affect
minimum cure energy, penetration depth, and printing accuracy by
altering the photoinitiator decomposition rate [31,32].

Additionally, accurate modeling must account for multilayer expo-
sure, Gaussian beam distribution, and light divergence. Multilayer
exposure, often overlooked, causes penetrated light to cure not only the
current layer but also previous layers. Experiments reveal that the light
intensity within a single beam is non-uniform and follows a Gaussian
distribution. Light divergence indicates that beams from the Digital
Micromirror Device (DMD) do not travel in parallel but instead spread in
convergent and divergent patterns. Incorporating these phenomena
further complicates the theoretical models.

This work demonstrates that the curing depth varies with projection
time and light intensity, even when the total accumulated dose remains
constant. Fig. 1(a) plots the experimental curing depth (Zy) against
different accumulated light doses (D) with varying exposure times (t).
The curing depth Z; can vary even for the same accumulated dose.
Additionally, the data points do not collapse into a single curve, indi-
cating the influence of the photobleaching effect. To illustrate this
phenomenon, a theoretical model is developed that incorporates pho-
tobleaching, multilayer exposure, Gaussian beam distribution, and light
divergence. Given the vast design space of grayscale values, a spatio-
temporal optimization algorithm is developed that operates on a grid
finer than the pixel resolution in the x-y plane and within a time interval
smaller than the exposure time. Using this method, the following results
are achieved: (i) microfluidic channels, not constrained to integral
multiples of the layer thickness, surpass the penetration depth limit,
with variations remaining below 10 %; (ii) concave lenses are optimized
with smooth surfaces; (iii) the stair-stepping effect is optimized,
reducing the average roughness of the lateral profile to about one-third
of its original value. The developed model and spatio-temporal optimi-
zation algorithm pave the way for high-fidelity DLP 3D printing using
grayscale values.

2. Theoretical modeling

Fig. 1(b) shows the schematic of grayscale DLP 3D printing, where
grayscale patterns are projected onto liquid resin, curing it layer by
layer. The intensity of the projected UV light on each pixel is determined
by grayscale values, denoted as g, that range from O to 1. Here, g
= 0 represents an entirely black image with zero light intensity, and g
=1 corresponds to full light intensity. Polymerization is typically
quantified by ¢ [19,23], a unitless quantity characterizing the percent-
age of reacted doubled bonds. When the gel point ¢, is reached, the
liquid resin is considered to have transformed into a solid state. The
theoretical model is developed below. The photopolymerization dy-
namics are described using the Beer-Lambert Law, incorporating the
photobleaching effect, multilayer exposure, and Gaussian beam
propagation.
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2.1. Multilayer photoplymerization with photobeaching effect

The rate of change of ¢ is proportional to the light intensity Jand the
fraction of material available for conversion [1 — ¢(x,y,2,t)] as [33]

W:K{l7¢<x,y,z,t>]1<x,y,z,t), (@D)]

where K represents the overall reaction conversion rate. The light
absorption within the resin follows the Beer-Lambert Law:

dl(x,y,2,t)

oz —ﬁ(x,y,z, f>1<xﬁy-z, t)- 2

whereji(x, y, z, t)is the effective attenuation coefficient. The photo-
initiators become inactive once they absorb photons, form radicals and
get consumed in the reaction. In contrast, the photoabsorbers are not
consumed in the reaction. Thus, fi(x,y, 2, t) is assumed as

B(x,y,2,t) = o[l — p(X. ¥, 2,t)] + U b(X. ¥, 2,t) + B, 3

It is calculated as the weighted average between the attenuation
coefficients of the uncured monomer (y,) and cured polymer material
(u,,), weighted by their respective concentrations, and the absorption of
the photoabsorber .

For a photo-invariant resin, y, = y,, = i, and Egs. (1) and (2) are
uncoupled. The analytical solution of curing depth Z can be obtained as

Z =, In (KIOt/ In <ﬁ)), where Iy is the initial light intensity at

z = 0. It indicates that the curing depth is influenced solely by the
projection dose Ipt and not by the curing time. However, for photo-
bleaching resin, the material becomes progressively transparent to UV
radiation y, > u.,. Thus the two partial differential Eqs. (1) and (2) are
coupled, and analytical solutions are difficult to obtain.

Through the integration of Eq. (1), ¢(x,y,2,t) for a single exposure
can be written in the following form:

¢(x,y,z,t> :lfexp{fK/tI(x,y,z,t)dt} (©)]
0

For multi-exposure, ¢(x,y,2,t) can be calculated by recursively
adding ¢(x,y, z,t) from each single exposure as [19,34] (Section S1 of
the Supporting Information)

¢<x7y7z,tn> =1 exp{ iK/m I(m«u)}- (5)
m=1 tm-1

2.2. Gaussian beam propagation

Gaussian beam propagation is used to model the light distribution
and its behavior during propagation, assuming that the intensity dis-
tribution of the beam from a single pixel follows a symmetric 2D
Gaussian function [35]. At the focal plane (z = 0), the light intensity
distribution is expressed as

I(x,y7z:0> :Ioexp(fz

where Ij is the peak amplitude of the Gaussian beam at the center (xo,
¥0), and @y represents the beam’s half-width at which the intensity drops
to 1/€? of I,

An ideal Gaussian beam maintains its Gaussian shape during prop-
agation, with its waist changes with the distance from the focal plane.
Fig. 1(c) shows the evolution of a Gaussian beam beyond z = 0. The
waist w(z) varies along the propagation direction, characterized by w(z)
= wo+/1 + (2/2r), wherezg = 73 /1 is the Rayleigh range, and 1 repre-
senting the wavelength of the beam. The maximum intensity of the light
decreases with increasing propagation distance, resulting from the
spreading of the light beam. As the beam propagates, the Gaussian

(6)

(x = x0)* + (y—yo)2}>7

2
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Fig. 1. Grayscale DLP 3D printing with photobleaching effect. (a) The dependence of the experimental curing depth Z; on the accumulated dose D. The red curve
represents the model prediction with photo-invariant assumption. (b) Multilayer photopolymerization: UV light penetrates the front layer, resulting in over-curing of
subsequent layers. (c) Gaussian beam propagation: the beam width increases and intensity decreases along the z-axis. (d) Gaussian beam convergence and diver-
gence. (e) Light intensity captured by a single pixel versus a 3 x 3 pixel array. (f) Experimental and theoretical normalized light intensity distribution of a single
pixel. (g) Experimental and theoretical normalized light intensity distribution of a 3 x 3 pixel array. (h) The designed U-shaped structure, its sliced image, and (i) the
printed structure cured with different grayscale values g. (j) Comparison of the experimental (markers) and theoretical (solid curves) Z. (k) Experimental and fitted
cure depth Z against exposure time t for g ranging from 0.3 to 1. Intercepts indicates the critical exposure times.
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intensity profile also becomes wider, but the total energy (the area under
the curve) remains constant.

During propagation, the energy loss primarily occurs due to reflec-
tion at membrane interface. Thus, the intensity distribution of the i-th
pixel at a distance z from the focal plane is expressed as

Ii(x7y7 Z) = (1 - a)p(x,y, Z)Ii(xv.yvz = 0)’ @)

wherea is the reflection coefficient, denoting the ratio of light reflected
by the interfaces. The amplitude factor p(x, y, 2) is defined as

o) = (22 ] w0 (e )
®

Additionally, Gaussian beams reflected from a DMD are not parallel.
They initially diverge, converge through a lens, and subsequently
diverge again past the focal plane [23]. Fig. 1(d) illustrates the light
propagation through the objective lens and across the focal plane. The
light intensity I(x, y, 2) at any point (x, y) on the z plane is the super-
position of the effects of all the light beams: I(x,y,2) = I;(x,y,z), where
zis the actual propagation distance given by z = 2/ cos a; — ry tan a;.
Here, ry = (r/ —ra)cos a; and it is the projection distance from the center
of a Gaussian beam to a particular point on the focal plane. r, is the
distance from A(x, y, 2) to the central axis. The geometric relationship
requires r, = d.r;/(r/ — i), where r; and r/ represent the distance of the
light beam i to the central axis on the focal plane and plane z, respec-
tively. Furthermore, d. denotes the distance between the plane z and the
focal plane, and r, is the distance from the convergent point to the focal
plane. The divergent angle for this Gaussian beam can be calculated
using tan ; = r;/re.

3. Experiments
3.1. Grayscale 3D printing

A grayscale DLP printing system has been developed that composed
of a UV-projector (DLi 3DLP9000, with a 405 nm UV-light source and a
DMD module), a beam splitter, a resin tank with a transparent glass
window coated with PDMS membrane, and a linear translation stage.
The resolution of the projector is 2560 pixels x 1600 pixels. Before
printing, the CAD model is sliced into images with the desired layer
thickness. The grayscale value for each pixel is assigned based on the
desired material distribution using MATLAB code.

3.2. Materials

The photocurable elastomer TangoPlus, purchased from Stratasys
(MN, USA), is selected as the base material. Ebecryl 113 was purchased
from Allnex (Germany). Ebecryl 113 is an aliphatic monofunctional
acrylate. The photoabsorber Sudan I was purchased from Sigma-Aldrich
(MO, USA). All the materials are used without any further modification.
The hybrid resin (TEAA) is prepared by adding Ebecryl 113 to the
commercial UV-curable resin TangoPlus in a weight ratio of 4:6. The
hybrid resin is thoroughly blended for 1 min at 2000 rpm, followed by
centrifugation at 2200 rpm for 1 min using a planetary centrifugal mixer
(ARE-310, Thinky, USA). 0.02 wt% Sudan I was added to this mixture at
room temperature. After adding Ebecryl 113, the fracture strain increses
from approximately 120-200 % [36]. Although TangoPlus contain ab-
sorbers, Sudan I is added to enhance the printing resolution. The vis-
cosities of TangoPlus and TEAA are measured as 109 mPaes and 115
mPaes, respectively.

To characterize the material’s glass transition, DMA tests (TA In-
struments, Model Q850) are conducted on rectangular samples (Fig S19
of the SI) with dimensions of 12.3 mmx 6.2 mm x 1.3 mm. During the
experiment, the temperature was increased from —75 °C to 75 °C at a
rate of 3 °C/min. The Tg of the material is around 10 °C. When the
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temperature changes from —75 °C to 75 °C, the storage modulus changes
from approximately 2 GPa to 0.5 MPa.

3.3. Light field measurement

The light intensities were measured for a single pixel and a 3 x 3
array (Fig. 1(e)). The projected image is captured using Sony-ILCE-7M3
with a Laowa 25 mm {/2.8 2.5-5X Ultra Macro lens. The length of a
single camera pixel has been calibrated as 1.06 pm. The length of a
single pixel of the light engine on the focal plane is calculated as 43 pm.
The light intensity follows Gaussian distribution (Fig. 1(f) and (g)) and
the half-width of Gaussian beamwy = 30pm.

3.4. Theoretical model validation

Experiments were conducted to validate the theoretical model. The
dependence of light intensity on g was also measured (Section S3 of the

Supporting Information). The parameters @ and / were experimentally
determined as 0.316 and 0.228 mm’l, respectively (Section S13 of the
Supporting Information). A U-shaped structure was fabricated, with the
design and sliced images shown in Fig. 1(h) and (i). The experimental
procedure involved curing ten base layers for 3.5 seconds at full light
intensity, followed by printing nine pillars with 20 layers each. A single
layer was cured with g varying from 0.3 to 1 between the pillars. The
thickness Z; of this layer was measured. Samples were fabricated with
different exposure times (t = 2.5-5 s), and two samples were printed for
each exposure time to ensure repeatability.

The theoretical model was used to fit the experimental data. The
fitted parameters are K = 0.021 mm?uW ! and po = 5.44 mm ™. The
solid/liquid interface is determined as the position where ¢ reaches ¢,
[33]. The parameter yu,, is set to O as the photoinitiators are consumed

during the reaction, while # = 0.228 mm ™! represents the unconsumed
photoabsorbers, which is in an order of magnitude smaller than yo. The
experimental depths are also fitted with the theoretical model assuming
B = 0. A comparison of the experimental and theoretical Zs values as a
function of light intensities is shown in Figure S16. Both models accu-
rately estimate Zj, but to simplify calculations, the theoretical model

with % = 0 is adopted for subsequent optimizations.

Fig. 1(j) compares the theoretical and experimental heights of Zf
versus light intensities under different curing times. The theoretical
model agrees well with the experimental data. The experimental data
can also be used to determine ¢.. Fig. 1(k) plots Zsagainst exposure time
t for g ranging from 0.3 to 1. Curve fitting was performed using a log-
arithmic function, and the curve was extrapolated to the x-axis to
determine the intercepts, which represent the critical exposure times.
These critical exposure times are shown in Table S4. Subsequently, the
developed theoretical model was utilized to calculate ¢ at varying
depths within the resin. The maximum and mean ¢ values at the bottom
plane are also tabulated in Table S4. The mean ¢ serves as a valuable
indicator for estimating ¢.. Based on these results, ¢, can be set at 0.15.
Notably, the mean ¢, consistently remains around 0.15 for g ranging
from 0.7 to 1.

4. Optimization

The validated theoretical model is used to optimize the printed
structures. Due to the variation of i throughout the DLP printing pro-
cess, the optimization method necessitates discretization not only in the
spatial domain but also in the time domain.

4.1. Spatio and temporal discretization
Discretization is performed in both the spatial and temporal do-

mains. Spatially, two resolution scales are utilized. The first, referred to
as the normal space, is depicted in Fig. 2(a) and comprises dimensions of



X. Fan et al.

Normal Space

Projected Image Series

Designed Object

d e f

Projected Image

Additive Manufacturing 99 (2025) 104659

Voxel Space

Voxel Representation

Optimized Grayscale Printed Object

Fig. 2. Optimization procedures. (a) Sliced images of a objective model (normal space) and the representation of g. (b) Voxel representation of the objective model
(voxel space) and the representation of P,. (c) Objective model of a handwritten letter "S". (d) Sliced images of the objective model. (e) Optimized grayscale image. (f)

Schematic of the cured layer.

nx x ny x nz. Here, nx and ny represent the number of pixels along the x
and y axes of the projected image, respectively, and nz is the number of
sliced layers. Each element in the normal space is further discretized into
Nx x Ny x Nz voxels within a finer resolution space. Thus, the di-
mensions of this finer voxel space are defined as nelx x nely x nelz,
where nelx = nx x Nx, nely = ny x Ny, and nelz = nz x Nz (Fig. 2(b)). A
column of pixels from a series of projected images is denoted as g, as
shown in Fig. 2(b).

Eq. 5 establishes the dependency of ¢(x, y, 2, t) on light intensity 7 (x,
¥, 2, t) and material parameter K. Light intensity, / (x, y, 2, t) undergoes
attenuation along the z-axis, as dictated by Eqs. 2 and 3, and is non-
linearly related to the projected light dose. This relationship necessitates
a spatial and temporal discretization of Eq. 5 to correlate ¢(x, y, 2, t) with
the light dose at each exposure, that can be represented in the matrix
form

o] = [T]-[d], 9

where ¢ is a photopolymerization process variable defined as ¢
= In(1 —¢) to linearize the multi-exposure model, d represents the
exposure dose, T is the transmission matrix, and [e] represents the
corresponding matrix form. As light penetrates along the vertical di-
rection, the matrix equation is solved sequentially for each column of
voxels. Consequently, Eq. 9 for a specific voxel column P, becomes

[ = [T1"-[d]". 10)

In the voxel space, there are nelx x nely columns of voxels, where P,
represents the " column (r = 1, 2, ..., nelx x nely). The terms [¢]"", [T]",

[d]”" represent the photopolymerization variable, transmission matrix,
and nodal exposure dose for a column of voxels P,, respectively.

Furthermore, [¢]”is a nelz x 1 vector, [T]" is a nelz x nelz matrix, and
[d is a nelz x 1 vector.

Eq. 10 is further discretized in the time domain. In the numerical
implementation, ¢ from the previous step is used to calculate j at the
current step for each voxel using Eq. 3. Detailed calculations are pro-
vided in Section S2 of the Supporting Information.

4.2. Optimization procedures

The optimization process is framed as an inverse problem aimed at
minimizing the maximum discrepancy between the desired and the
numerically calculated ¢ by adjusting g. Mathematically, the formula-
tion is

2

- . P
Objmin max 1} = " - [pa an

st. 0<gun<g<1,

where [(pobj]P " represents the target ¢ for a column of voxels P, and [F] is
a nelx x nely matrix quantifying the error for every column of voxels.
Each element F* in [F] is the sum of the squared errors between the @obj
and ¢ for each voxel column P,. The optimization seeks to adjust g to
minimize the maximum error value within [F].

To ensure manufacturability, each layer must reliably bond with the
previous layers. To mitigate potential adhesion issues, a minimum
grayscale value, gnin, is imposed as a constraint in Eq. 11 and it is
determined based on the minimum grayscale value necessary for a layer
to adequately cure and adhere to the preceding layer. It is calculated
based on specific exposure time and layer height. However, due to
photobleaching effect, gnin cannot be explicitly expressed. Instead, it is
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determined through an optimization process using @b = ¢.. The
resultant g from this optimization defines gni,. Detailed procedures of
calculating gnin are outlined in Section S8 of the Supporting Informa-
tion. It is important to note that the constraints for gni, may vary for
different cases.

The flowchart of the optimization procedure is illustrated in
Figure S3. The grayscale matrix is updated at each iteration. Fig. 2(c)
shows an objective model of a handwritten letter "S". The initial pro-
jected image of the n'™ layer is shown in Fig. 2(d), and the optimized
grayscale image of the nth layer is depicted in Fig. 2(e). The schematic of
the cured layer is shown in Fig. 2(f). The term, ¢, is in the range of ( —

Additive Manufacturing 99 (2025) 104659
0,0], wherein 0 is set for uncured voxels.
5. Applications
The theoretical model and optimization algorithm are used to design

the ¢ distribution. Microfluidic channels, concave lenses, and reduced
stair-stepping effects are demonstrated.

5.1. Microfluidic channel optimization

Micrometer-sized channels are challenging to print because the light

a e f g
I i -‘L.’.‘fr.r‘ﬂI e
e
‘ | uiu,'q%s}.{;uf:w
e
1600 AR
WIAARE (W os
WA
W
I 11 ‘r'rm,.l.'..‘:
I‘\“-l“ H'I(.]
.qﬁ"{"lt...‘ln :l""i 0 6
1200 Sitihcod (0
LA wm i
/é I I _qml”‘;i ’
3 |.ll ”"JL‘“”\
X o ! {04
800 'W.’f*';m"ﬂ
uk "E] d
400} | 1t 102
!
0 1 ! 1 1 1 B 0
0 300 600 0 300 600 O 300 600
x (um) x (um) x (pm)

j

Fig. 3. Optimization of microfluidic devices. (a) Schematics of a structure with microfluidic channels. (b) Over-cured channels using unoptimized images. (c)
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penetrates the resin and cures the residual resin inside the flow channels,
causing clogs [15,37]. The penetration depth of the current device and
photopolymer resin is calculated to be approximately 212 ym (Section
S6 of the Supporting Information). Previous studies indicate that the
empirical minimum channel height for photocurable resins should be
more than 2.3 times the light penetration depth [37], corresponding to
488 um approximately. Using the developed model and optimization
method, it has been demonstrated that microfluidic channels with a
height of around one-fifth of this minimum can be successfully
fabricated.

Fig. 3(a) shows a structure with five microfluidic channels. Fig. 3(b)
displays the 3D printed structure, where g = 0 for the channel and 1 for
other positions, with an exposure time of t = 2 s. Fig. 3(e) represents the
predicted ¢ distribution. Both experimental results and theoretical
predictions demonstrate that the channels are over-cured and blocked.

a b

Additive Manufacturing 99 (2025) 104659

The optimized method was applied to print channels with heights H
=100 pm and 150 pm. The objective was set to achieve a uniform ¢
= 0.4 across the structure, equivalent to ¢op; = —0.51. A positive @op;
was set for the channels to achieve better-optimized results, as a positive
@ovj could never be reached. Fig. 3(f) and (g) show the theoretically
optimized ¢ distributions, with the corresponding optimized grayscale
images displayed beside them (SI Movie 1). The grayscale values remain
consistent across most areas except in regions surrounding the channel.
A distinct white layer appears above the channel, as no extra light
penetrates from the sequential layers. Beneath the white layer are three
black layers, attributed to the penetration depth of 212 pm and a layer
height of 100 pm. Following these black layers is a dark gray region,
which allows light to penetrate the current layer and cure the area
directly beneath the channel. The size of this dark gray region depends
on the channel height. A brighter vertical line near the channel
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Fig. 4. Microscopic images and simulation results of concave lenses fabricated using different projected images: (a, b) binary images, (c, d) unoptimized grayscale
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compensates for the black and dark gray regions.

Supplementary material related to this article can be found online at
doi:10.1016/j.addma.2025.104659.

Microfluidic channels were printed using the optimized grayscale
images (Fig. 3(c) and (d)), with two samples printed for each height. The
height of the printed microfluidic channels was measured using a ZWSP-
4KCH CCD camera. The average printed heights were 115 pm and
160 ym for designed heights of 100 pm and 150 pm, respectively.
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Additionally, microfluidic channels with heights of 250 pm and 300 pm
were also printed, resulting in average printed heights of 264 pm and
312 pm, respectively (Figure S9). The variations in height were lower
than 10 %. After fabrication, the printed structures were washed in
ethanol for a few seconds to remove any uncured resin. They were not
subjected to post-curing. The post-fabrication handling, including
washing and curing, can influence the final dimensions of the printed
structures. To minimize these potential effects, the processing
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Fig. 5. Optimizing stair-stepping effect. (a)-(c) The theoretical ¢ distribution, optical image, and the lateral profile of unoptimized center-printed structures
respectively. (d)-(f) The optimized grayscale image, optical image, and the lateral profile of optimized center-printed structures respectively. (g)-(i) The theoretical ¢
distribution, optical image, and the lateral profile of unoptimized corner-printed structures respectively. (j)-(1) The optimized grayscale image, optical image, and
lateral profile of optimized corner-printed structures respectively. The red and blue curves denote the left and right edges of the experimental rectangles, respectively.
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conditions are carefully controlled to ensure consistency.

A microfluidic device with two crossed channels, each with a height
of 200 pm, was printed (Fig. 3(i)). The predicted contours with ¢ = ¢,
are shown in Fig. 3(h), clearly indicating the two channels. The opti-
mized parameters are shown in Figure S8. The microfluidic device was
tested by injecting two liquids with different colors into the inlets. The
liquids continuously crossed the channels without mixing (Fig. 3(j) and
SI Movie 2). While microfluidic channels of this scale can be fabricated
using various existing techniques, this study uses a theoretical model
and inverse optimization to enable the precise printing of channels that
surpass the traditional penetration depth limit, demonstrating an
advancement in DLP 3D-printed microfluidic devices.

Supplementary material related to this article can be found online at
doi:10.1016/j.addma.2025.104659.

5.2. Optimization of concave lenses

Fig. 4 shows the optimization of concave lenses. Fig. 4(a), (c), and (e)
depict the microscopic images of the printed concave lenses, while Fig. 4
(b), (d), and (f) show the simulated degree of conversion distribution for
half of the cross-section. The black curve outlines the designed profile. In
Fig. 4(a), the lens printed using binary patterns is overcured, which
aligns well with the simulation result shown in Fig. 4(b). The lens
printed with unoptimized grayscale patterns is undercured, leading to a
hole at the center (Fig. 4(c)). The simulation in Fig. 4(d) shows a low
degree of conversion in the structure, with some regions falling below
the gel point. In contrast, the lens printed using optimized grayscale
patterns accurately preserves the designed curvature (Fig. 4(e)). The
corresponding simulation in Fig. 4(f) demonstrates high fidelity, con-
firming the effectiveness of the optimization.

5.3. Reducing the stair-stepping effect

The stair-stepping effect is a prevalent issue that results in step-like
ridges on the lateral profiles of printed structures [38]. This effect is
particularly pronounced in bottom-up DLP 3D printing, where the
polymerization degree ¢ at the lower part of each layer is typically much
higher than at the upper part. Consequently, the bottom edge becomes
wider than the top edge, leading to visible ridges. Achieving a uniform ¢
distribution is essential to mitigate this issue.

To investigate the stair-stepping effect, a theoretical model is
employed to predict the ¢ distributions of a three-layer U-shaped
structure printed with light beams from the center of the projector using
binary images. Fig. 5(a) shows these predicted distributions, clearly
revealing a symmetric stair-stepping effect. The z = 0 position corre-
sponds to the last printed layer, where conversion is lower due to the
absence of multilayer exposure. The layer above 300 um is formed by
light penetration. Thus, the conversion is highest between 200 and
300 pm.

Subsequently, a multilayer rectangular structure with dimensions of
80 pixels x 40 pixels was printed (Fig. 5(b)). The printed structure
exhibited a symmetric stair-stepping effect with measured inclined an-
gles of approximately 6 = 85° on both sides. Fig. 5(c) plots the experi-
mental lateral profile of both the left (red) and right (blue) edges of the
rectangles. The surface roughness values R, and R, are calculated and
presented in Table S1 to quantitavely assess the stair-stepping effect.
Here, R, represents the maximum height difference within a typical
layer, while R, is the corresponding standard deviation.

To mitigate the stair-stepping effect, the developed optimization
method was employed with the objective of achieving a uniform ¢
= 0.5. The optimization method effectively reduced the stair-stepping
effect, as demonstrated in Fig. 5(d) and (e). The optimized structures
have an average inclined angle of 6 = 88°, which is nearly vertical. The
lateral profile of the optimization rectangles (Fig. 5(f)) exhibit a signif-
icant reduction in roughness compared to those printed normally. For
example, R, was reduced from 5.7 um to 1.3 pm on the left side and from
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4.3um to 1.1 pm on the right side. Similarly, R, was reduced from
1.1 pm to 0.34 um on the left side and from 1.0 ym to 0.61 um on the
right side.

Additionally, an asymmetric stair-stepping effect was observed in
rectangles printed at the corner of the build platform. Fig. 5(g) shows the
predicted ¢ distributions of a three-layer rectangle printed using binary
images at the top-right corner, positioned 320 pixels by 200 pixels away
from the projector’s center. Unlike the symmetric effect seen in centrally
printed rectangles, the corner-printed rectangle shows asymmetry due
to light divergence. The light beam diverges towards the right, reducing
the stair-stepping effect on the right edge while intensifying it on the
left. Figure S12 plots the theoretical light intensity for different planes
(z =0, 500 um, and 1000 um). Beyond the focal plane, the light in-
tensity becomes asymmetric at the corner, with the intensity profile on
the right side being steeper than that on the left (Fig. S12(b)). This
asymmetry in the light intensity distribution results in asymmetric
lateral profiles for the left and right edges of the rectangles printed at the
corner of the projection area.

This is confirmed by experimental validations, with § = 87° and 75°
measured for the right and left sides, respectively (Fig. 5(h) and (i)).
Quantitative roughness measurements show that R, and R, values for
the right edge are typically an order of magnitude lower than those for
the left edge (Table S2). This highlights the importance of considering
light divergence in the printing process.

The developed modeling and optimization method can also optimize
structures printed at the corners, as light divergence is incorporated into
the theoretical model. Fig. 5(j)-(1) show the optimized g distribution, the
structure printed using the optimized image pattern, and the corre-
sponding lateral profiles respectively. The results demonstrate a signif-
icant reduction in the stair-stepping effect. For example, on the left side,
R, was reduced from 28.6 pm to 6.6 um, and R, is redcued from 4.4 ym
to 1.6 pm.

6. Discussions and conclusions

Recently, significant effort has been devoted to advance the
modeling of the grayscale DLP 3D printing process. One of the pio-
neering approaches is the reaction-diffusion model, that considers
detailed chemical processes, including the initiation of free radicals,
chain growth, and chain termination [25,26,39]. Another notable model
is the multiphysics model, that incorporates a super-Gaussian descrip-
tion of the light field, photobleaching effects, heat generation, thermal
strains, and chemical shrinkage [22,23]. While these models are highly
accurate, inverse optimization is relatively challenging. To simplify the
optimization process, the photo-invariant assumption is often used. For
example, Guven et al. developed a voxel-based optimization method
based on the photo-invariant assumption, considering the Gaussian light
distribution and photodynamics [24]. Similarly, Bonada et al. developed
an optimization procedure to increase vertical accuracy [40]. In
contrast, this work does not delve into the detailed chemical processes.
Instead, two partial differential equations are utilized to describe pho-
todynamics while incorporating key factors including photobleaching
effects, light divergence, and Gaussian beam propagation. This approach
simplifies the inverse optimization process and facilitates the creation of
high-fidelity structures. The theoretical model and optimization method
can also be expanded to photoresins with different polymerization
mechanisms. Specifically, the detailed photopolymerization kinetics can
be incorporated into the Beer-Lambert law to account for different
polymerization behaviors. The model should also be validated across
multiple material systems, and 3D printed multi-material structures.

Utilizing the molar extinction coefficient could render the model
more versatile and applicable to a broader range of photopolymer sys-
tems. However, TangoPlus is a mixed resin, and its detailed composition
is not publicly available. Thus, the attenuation coefficient y is used,
which is easier to determine experimentally for this specific resin. In
systems where the resin composition is well-defined, the molar
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extinction coefficient would indeed be a more appropriate choice.

This work reveals that the curing depth for a single exposure varies
with changes in projection time and light intensity, even though their
product (the total accumulated dose) remains constant. This finding
challenges the widely adopted photo-invariant assumption. To explain
this phenomenon, a model for the grayscale DLP 3D printing process is
developed, incorporating the photobleaching effect, Gaussian beam
distribution, and light divergence. The inclusion of photobleaching re-
sults in coupled partial differential equations within the model, thereby
rendering analytical solutions infeasible. Consequently, a spatio-
temporal optimization algorithm has been designed that operates on a
spatial grid finer than the optical resolution and temporal interval
shorter than the exposure time for each layer, enabling the calculation of
optimal grayscale values for high-fidelity printing.

The optimization method transcends traditional limitations on
channel height. It successfully achieves channel heights approximately
one-fifth of the empirical minimum height, with variations remaining
below 10 %. Furthermore, this approach enables the fabrication of
concave lenses and the reduction of stair-stepping effect. Additionally,
an asymmetric stair-stepping effect has been observed, where the stair-
stepping behavior differs between the left and right sides of the printed
object. This asymmetry occurs when the object is printed at the corner
rather than at the center of the projection area. This variation is pri-
marily caused by light divergence, that affects the uniformity of light
intensity. The developed model and spatio-temporal optimization al-
gorithm pave the way for high-fidelity grayscale DLP 3D printing.
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