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Functionally graded materials (FGMs) have spatial variations in structure or
composition that result in gradients in their mechanical, thermal, swelling, or
other properties. FGMs have garnered significant research interest because of
their extensive applications in areas such as biomedical implants, sensors,
and soft robotics. Recently, grayscale photopolymerization 3D printing has
emerged as a promising technology for crafting complex and high-resolution
FGMs. This comprehensive work delves into various grayscale
photopolymerization 3D printing techniques, offering insights into their ability
to precisely control printing exposure energy and polymerization degree,
which in turn influence material properties. Furthermore, this work highlights
diverse applications of grayscale vat-photopolymerization 3D printing. Finally,
it offers perspectives on ways to enhance grayscale photopolymerization 3D

e

occurring between the two sides.l’l Since
that pioneering application, FGMs have
found widespread utility in diverse fields
such as actuators/robots,[®8]  biomed-
ical implants,®®)  energy absorption
devices, ') and sensors."?] Conventional
techniques for fabricating materials with
1D or 2D gradients include gas-phase
techniques (e.g., thermal spray, surface re-
action), liquid-phase methods (e.g., casting,
electrophoretic deposition), and solid-phase
approaches (e.g., laser deposition, powder
metallurgy).["'*l However, these techniques
fall short in their ability to customize the
properties of FGMs in 3D, and it remains

printing, with a focus on improving printing feedstocks and grayscale

strategies.

1. Introduction

Unlike homogeneous materials, functionally graded materials
(FGMs) exhibit variation in their mechanical, electrical, ther-
mal, or magnetic properties.'™*) The inception of FGMs can
be traced back to their use as thermal barrier materials in the
Japanese space program, where heat-resistant ceramics were
placed on the high-temperature side, and tough metals with high
thermal conductivity were placed on the low-temperature side,
with a gradual change in composition from ceramic to metal
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a challenge to develop novel techniques
that can create 3D property gradients to
meet the demand for complex and multi-
functional FGMs in various applications.

The application of 3D printing has
opened up new possibilities for fabricating
FGMs with 3D property gradients.['>?2] Among the various 3D
printing techniques, vat-photopolymerization (VP) 3D printing
stands out as particularly promising for creating complex parts
with high resolution and speed.[?>-») However, traditional VP
3D printing is not suitable for fabricating FGMs because it in-
volves printing a single photoresin feedstock under constant-
intensity irradiation throughout the entire printing process,
thereby producing homogeneous materials (Scheme 1). In con-
trast, grayscale VP 3D printing techniques enable the precise con-
trol of light dosage by modifying the gray value. This results in a
material with one or more gradients in properties such as density,
hardness, stiffness, or surface roughness (Scheme 1).

This Review categorizes the family of grayscale VP 3D print-
ing methods into several branches, each enabling precise control
of the exposure dose during polymerization. These branches in-
clude laser-based grayscale 3D printing (modifying power or scan
speed in grayscale direct laser writing setups), projection-based
grayscale 3D printing (tuning the exposure intensity via grayscale
masks or varying exposure time via dynamic digital exposure),
and volumetric grayscale 3D printing (modifying the exposure in-
tensity, similar to the projection-based method). We commence
our discussion with an overview of VP 3D printing, encompass-
ing its fundamental principles, techniques, and mechanisms.
Subsequently, we delve into the various grayscale techniques
for managing the degree of polymerization and its material
properties. Finally, we summarize recent literature on grayscale
photopolymerization applications in microfluidics, micro-optics,
gradient-color printing, biomedical systems, soft robotics, and
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Scheme 1. Comparison between traditional and grayscale photopolymerization. In traditional photopolymerization, the light source switches between
“ON” and “OFF”, resulting in a single, homogeneous material (where the photoresin polymerizes only when the light is “ON”"). In contrast, grayscale

photopolymerization varies the exposure dose using different gray levels.

When triggering polymerization of the photoresin, these different exposure

doses result in varying degrees of resin monomer conversion (i.e., cross—linking), thereby creating materials having gradients in their mechanical,

thermal, or swelling properties.

origami (Figure 1). The great success of grayscale VP 3D print-
ing in the production of FGMs indicates its promise as a fabri-
cation tool for broadening the utility of photopolymerization 3D
printing.[26-32]

2. Vat-Photopolymerization 3D printing

In the years since Hull coined the term “stereolithography” (SLA)
in 1986,1331 VP 3D printing has come to encompass various pho-
topolymerization printing processes employing a range of light
sources, motion control, and polymerization mechanisms. All
these photopolymerization printing processes use a light source
to selectively trigger polymerization in photosensitive materials.
Here, we briefly discuss the progress and evolution of recent VP
3D printing techniques, which have evolved from serial to pla-
nar and volumetric build platforms. In addition, we provide an
overview of the commonly employed photopolymerization mech-
anisms.

2.1. Vat-Photopolymerization 3D Printing Techniques

There are two main serial VP 3D printing technologies: laser scan
SLA and two-photon polymerization (TPP). Laser scan SLA con-
structs objects by the raster-like scanning of a laser beam beneath
the surface of a photoresin (upper panel in Figure 2A). Typically, a
pair of mirrors within a Galvano scanner controls the position of
the beam. The slice information is represented as a set of coordi-
nates (scan lines) that determine the tilt angle of the two mirrors,

guiding the laser beam’s path along the plane. TPP uses a high-
power femtosecond-pulsed near-infrared (NIR) laser to solidify
regions within a vat of photopolymerizable resin (lower panel
in Figure 2A). Only the photoresin at the laser’s focal point un-
dergoes polymerization, as the surrounding areas are effectively
transparent to the long-wavelength light and do not receive suffi-
cient energy to initiate polymerization. By tracing the laser’s focal
point in 3D space, TPP allows for the free-form fabrication of in-
tricate 3D structures.

The development of projection 3D printing represented a
paradigm shift from serial printing to planar printing. Instead
of using a raster-scanned laser, projection 3D printing employs
a dynamically changing “digital mask” through a spatial light
modulator to project 2D patterns (object slices) onto the resin
bed. Concurrently, the build platform adjusts its height for each
layer. Unlike conventional laser scan SLA, which operates lin-
early, projection-based VP fabricates the entire object plane si-
multaneously, substantially reducing build time. In projection
3D printing, the light modulator is integral to the printing pro-
cess. Three types of light modulator elements have been used
to generate digital masks: liquid crystal displays (LCDs),>*¢
digital micromirror devices (DMDs),[”38] and liquid crystals on
silicon (LCoS).”3**1 An LCD contains layers of liquid crystals
and electrodes sandwiched between polarizing filters; incoming
light is modulated by applying an electrical current to the elec-
trodes in specific areas, causing the liquid crystals to align and
block the passage of light.*¢*1] A DMD comprises atrays of mi-
cromirrors on individually addressable tilt switches, where each
micromirror has an “ON” or “OFF” state that allows selective re-
flection of incoming light. The desired 2D patterns are created by
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Figure 1. An overview of grayscale photopolymerization 3D printing tech-
niques for graded materials, with a focus on both methods (outer layer)
and applications (center). Top panel adapted with permission.!8] Copy-
right 2020, Elsevier. Left side panel adapted with permission.[26] Copyright
2019, American Association for the Advancement of Science. Right side
panel adapted with permission.[28] Copyright 2022, Wiley-VCH.

toggling individual mirrors in selected areas.[*1*2] An LCoS mod-
ulator similarly patterns the light field by energizing selected pix-
els on a reflective liquid crystal chip.*!

There are two main projection-based VP 3D printing technolo-
gies: layer-by-layer projection (upper panel in Figure 2B) and
continuous projection printing (lower panel in Figure 2B). The
difference lies in whether the cured parts are separated from
the fabrication interface after each exposure: layer-by-layer pro-
jection requires separation, whereas continuous projection does
not. Two recent techniques for continuous projection 3D printing
are continuous liquid interface production (CLIP)[?)] and high-
area rapid printing (HARP).[*}] In these continuous projection
printing techniques, an oxygen-permeable membrane (in CLIP)
or a mobile liquid interface containing fluorinated oil (in HARP)
is strategically placed at the fabrication window to inhibit poly-
merization and minimize adhesion between the printed part and
the fabrication interface, which is a critical factor in enabling con-
tinuous projection SLA. These techniques significantly accelerate
the printing process, e.g., a 38 cm X 61 cm X 76 cm object was
completed via HARP in just 1 h 45 min,[*}] whereas the layer-by-
layer method would take 10-20 h to create the same object.

Volumetric 3D printing has been developed to significantly
enhance printing speed, which solidifies centimeter-sized ob-
jects within tens of seconds.!>* This cutting-edge technology
constructs an object in a single step by irradiating a transpar-
ent resin bath from multiple directions.[>#+-¢] Two notable ex-
amples of volumetric 3D printing techniques are computed ax-
ial lithography (CAL)**) and xolography.[>’] CAL uses a digital
projector to project intensity-modulated images in synchroniza-
tion with the rotational movement of the resin container (up-
per panel in Figure 2C). The superposition of exposures from

multiple angles generates a 3D energy dose sufficient to solidify
the material into the desired geometry.**"48] Xolography uses
photoswitchable photoinitiators to induce local polymerization
within a monomer volume upon linear excitation arising from
intersecting light beams of different wavelengths (lower panel in
Figure 2C).I) Xolography reportedly has a resolution approxi-
mately ten times better than that of CAL and a volume generation
rate that is four to five orders of magnitude higher than that of
TPP.%!

Table 1 provides a summary of the advantages and disadvan-
tages associated with each VP 3D printing technique. TPP has
the best resolution (=~ 100 nm) and laser scan SLA has the worst
(= 50 pm). CAL and xolography emerge as the top choices for
speed, followed by CLIP and HARP, with TPP being the slowest.
Layer-by-layer projection VP has only moderate speed and reso-
lution, but it exhibits the greatest potential for integration with
emerging printing strategies, such as grayscale or multi-material
methods.

2.2. Photopolymerization Mechanisms

This section offers a concise overview of the underlying mecha-
nisms, monomers, and photoinitiators used in VP polymeriza-
tion reactions. We refer the reader to Review articles on special
topics of radicall®!! and cationic/®?! polymerization for more com-
prehensive overviews.

Radical polymerization is the most commonly used method in
VP 3D printing processes. It is characterized by a sequence of re-
actions: initiation, propagation, and termination.[®!] The process
can be summarized as follows: i) light strikes a photoinitiator,
generating free-radical species; ii) these free radicals interact
with functional monomers to form active monomers; iii) active
monomers then engage in radical propagative reactions with
other monomers, leading to the production of polymeric chains
until termination of the reaction.[**!] (Meth)Acrylate monomers
and thiol-ene/thiol-yne systems constitute two common cate-
gories of radical-polymerizable mediums employed in VP 3D
printing (Table 2). Radical photoinitiators can be categorized into
two groups based on their mechanism of radical generation: type
I, which uses cleavable photoinitiators, and type II, which em-
ploys bimolecular photoinitiating systems. Most commercially
available photoinitiators undergo type I cleavage, resulting in the
generation of radical fragments upon irradiation. This category
includes compounds such as 2-hydroxy-2-methylpropiophenone
(Irgacure 1173), 1-hydroxycyclohexylphenylketone (Irgacure
184), diphenyl(2,4,6-trimethyl benzoyl)phosphine oxide (TPO),
and lithium phenyl-2,4,6-trimethylbenzoyl phosphinate (LAP)
(Table 2). Type II systems consist of an uncleavable sensitizer
and a co-initiator, typically forming excited triplet states under
light exposure. Commonly used uncleavable photoinitiators,
such as camphorquinone (CQ), benzophenone, 2',4',5',7'-
tetrabromofluorescein disodium salt (EY), and thioxanthone,
have the capacity to undergo hydrogen-abstraction or electron-
transfer reactions in the presence of co-initiators.®*]

Cationic polymerization is another crucial process in VP 3D
printing. It was initially developed in the 1970s to address the
limitations of radical polymerization, such as its high sensitivity
to oxygen.!®?] The typical mechanism of cationic photoinitiation
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Figure 2. Vat-photopolymerization 3D printing techniques and examples of photoinitiators/photocatalysts used for photopolymerization. A) Serial tech-
niques: laser scan stereolithography (SLA) and two-photon polymerization (TPP). The computer-aided design (CAD) model is sliced into a series of
2D scan-line images. Based on the slice information, a laser selectively solidifies the photopolymerizable resin at the vat surface (upper panel, laser
scan SLA with a continuous beam) or within the vat (lower panel, TPP with a femtosecond pulse near-infrared laser). B) Planar techniques: projection-
based 3D printing (layer-by-layer or continuous). The CAD model is sliced into a stack of 2D black-and-white images, which are projected one by one
onto the resin bed while the build platform changes height for each image. Fabrication can be carried out layer-by-layer (upper panel) or continuously
(lower panel). C) Volumetric techniques: computed axial lithography (CAL) and xolography. Volumetric construction can be achieved by projecting
digital patterns (inspired by X-ray computed tomography reconstruction projections) into a rotating vat (upper panel, CAL) or by using photoswitch-
able photoinitiators to induce local polymerization within a confined monomer volume through linear excitation caused by intersecting light beams of
different wavelengths (lower panel, xolography). D) Examples of photoinitiators/photocatalysts used in photopolymerization (with absorption peaks
from ultraviolet to infrared light as indicated by the bottom numbers). Irgacure 1173: 2-hydroxy-2-methylpropiophenone; Irgacure 2959: 2-hydroxy-4'-(2-
hydroxyethoxy) —2-methylpropiophenone; Irgacure 184: 1-hydroxycyclohexylphenylketone; TPO: diphenyl(2,4,6-trimethyl benzoyl) phosphine oxide; LAP:
lithium phenyl-2,4,6-trimethylbenzoyl phosphinate; CQ: camphorquinone; EY: 2,4',5',7'-tetrabromofluorescein disodium salt; ZnTPP: zinc tetraphenyl-
porphyrin; OBN: oil blue N; PATPTBP: photoinitiators like palladium(l1) meso-tetraphenyltetrabenzoporphyrin; AlPc: aluminum phthalocyanine; BChl a:
bacteriochlorophyll a. Reproduced with permission.[*?] Copyright 2019, American Chemical Society.
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Table 1. Comparison of vat-photopolymerization 3D printing techniques?.

Type Description

Advantages Drawbacks

Laser scan SLA Laser triggers polymerization within a vat

in a raster-like contactless manner

TPP A femtosecond-pulsed near-infrared laser
is used to solidify regions within a
photopolymerizable vat in a serial and

contactless manner

Layer-by-layer projection Projection of digital slices into a
stationary vat layer-by-layer; includes
LCD-based and DMD-based

techniques
Continuous projection Continuous production is achieved by
positioning an oxygen-permeable
membrane (in the case of CLIP) or a
mobile liquid interface containing
fluorinated oil (in the case of HARP) at
the fabrication window

CAL Volumetric build by projecting digital
patterns into a rotating vat
Xolography Uses photoswitchable photoinitiators to

induce local polymerization inside a
confined monomer volume upon linear
excitation by intersecting light beams
of different wavelengths

v/ 30-120 s (centimeter-scale object)!*5-6]

%20 mm/h (z axis)[*]
s1s2]

Using high-power laser is advantageous
for printing filler-loaded suspensions * Poor resolution (~ 50 um
* Support needed
% 1-20 mm® h~' (whole
(54:55]

Nanometer resolution
(~ 100 nm)[51:33] printing
* Small build volume (<1
cm?)[51:5657]
+ Requirements for materials (highly
transparent and well-dispersed)

\/ Overhanging structures Staircase effect

+/ Scalable build volume (1-125 cm3)51]

v/ Micrometer resolution (= 10 um)(5158I

4/ Potential to integrate with emerging
technologies
v/ 3000 mm h=" (z axis)[23:5]
\/ Overhanging structures
4/ Scalable build volume
v/ Micrometer resolution

Difficult to incorporate with
multi-material printing

Requirements for materials (highly

+/ One-step fabrication transparent and well-dispersed)

v/ Support-free
v/ ~ 60 s (centimeter-sized object), ~ 55 Requirements for materials (highly
mm?3 s~ 125] transparent and well-dispersed)

v/ One-step fabrication
\/ Micrometer resolution
+/ Support-free

%) Abbreviations: SLA: stereolithography; TPP: two-photon polymerization; CAL: computed axial lithography; LCD: liquid crystal display; DMD: digital micromirror device; CLIP:

continuous liquid interface production; HARP: high-area rapid printing

unfolds as follows: when exposed to irradiation, cationic pho-
toinitiators undergo homo- or heterolytic cleavage, resulting in
a mixture of cations, radical cations, and radical intermediates.
Although these reactive intermediates can initiate radical or
cationic polymerization directly, they often further react with
hydrogen donors (e.g., the solvent or a monomer) to generate
Brensted acids, which, in turn, initiate the polymerization.[5%¢4]
For photoinduced cationic cross-linking reactions, onium
salts (e.g., bis(4-tert-butylphenyl)iodonium hexafluorophosphate,
Ph,IPF,, triarylsulfonium hexafluoroantimonate salts) are fre-
quently employed (Table 2) because they can initiate most
cationic polymerizations, including those of epoxides, oxetanes,
and vinyl ethers.[®]

Hybrid systems that combine both radical and cationic poly-
merizations are quite prevalent in the production of photoresins.
One example involves the synthesis of epoxide-acrylate hybrid
oligomers, which are used to reduce the oxygen inhibition
of the radical process and enhance toughness and adhesion
properties.[¢-%] In addition, a novel continuous multi-material
technique, wavelength-selective photopolymerization, has been
developed recently to initiate radical and cationic polymeriza-
tions in specific locations using light sources of two different
wavelengths.[707]

The selection of the photoinitiator depends on the nature
of the light source (Figure 2D). For printers equipped with a
deep-UV light source (e.g., laser scan SLA, ~330 nm), pho-
toinitiators like Irgacure 1173,U7-% Irgacure 2959 (2-hydroxy-

4/-(2-hydroxyethoxy)—2-methylpropiophenone),[781-86] and
Irgacure 184/8087% are suitable choices. In projection pho-
topolymerization machines using UV or blue light, TPO,[890-93]
LAP,I88694%] and CQI6370727693] are commonly used (TPO
and LAP for UV light, 370-405 nm; CQ for blue light,
475 nm). For visible-light-induced VP 3D printing (450-
635 nm), EY,899] zinc tetraphenylporphyrin,!1%1°1 and oil
blue N['92] are the preferred photoinitiators. For TPP machines
with red or IR light sources (= 780 nm), photoinitiators like pal-
ladium(I1) meso-tetraphenyltetrabenzoporphyrin,[?*] aluminum
phthalocyanine,'®! and bacteriochlorophyll al’®l are commonly
employed.

~

3. Grayscale Photopolymerization Technologies

3.1. Serial Technique: Laser-Based Grayscale 3D Printing

In laser-based VP 3D printing (including laser scan SLA and
TPP), each voxel of the object is irradiated sequentially. This
process theoretically enables the adjustment of the exposure
dose by varying the laser writing parameters, such as the laser
power, laser scanning speed, or the distance between two scan-
ning lines/layers (Equation 1 in Table 3). As a result, there is
precise control over the local cross-linking degree within the
resin matrix (Figure 3A—C), leading to the development of graded
properties (e.g., stiffness and swelling/shrinking degree). Alter-
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Table 2. Photopolymerization mechanisms?).

Type Monomer Photoinitiator Absorption
Radical (Meth)Acrylate monomers it o X o 200-300 nm
o CHy
PEG-D(M)A[7:8194105-110] (R or Irgacure 1173177591
CH,)
o HiC. CHy 220-400 nm
R
(e e-OK ey
O CHy
DGEBA-D(M)AITOMT=1B] (R=H or ©
CHB) TPOI[80,90-93]
o] H4C. CH3 HsC. CH; ) —.
HC O O CH;
HDDAL11.114,115]
Irgacure §19127,80,105-107,109,116]
H H o 220-400
He? Y S, C)\COH nm
o o
82,83,95
MBAAl ! Irgacure 184(8087-89]
FM‘ o 257-365 nm
o CHy
117-120
PCL-MAL 1 Irgacure 2959172:81-86]
HzCJ /C\H:A G i 325-425 nm
NeHs fi :I o”P N
HsC CH;O
NIPAAmI83,90.95]
LAPI85.86,94,95]
Thiol-ene and thiol-yne Q [ HyC._CH 400-500 nm
/ HS/\)I\O D)K/\SH ; / i
systems >< =5
HS. o CHy £
\/\rg me o
63,70,72,76,93
Trithioll 2 cQl :
) o o 250-350 nm
Hs’\)ko—x—o)k/\sn
HS\/YO o\(\/su
o ° Benzophenonel®3°1]
PETMPU2121]
o 425-525 nm
Gy A~ e
W0
(@
TTTI72.122]
Eosin Y[85.96-99]
Cationic Epoxides HsG, St ﬁ/@/'m 325-425 nm
= 3 3
» HaC- CH3
i o<y CHy oo CHy
s
DGEBAI'23.124] 1od[101.125]
0 Py N 300-455 nm
GLOD Q/ I
Ph, |PF1102:122126]
EPOX(76,101,102]
O(:]/F u, 350-500 nm
VCDE!'2]
N
Oxetanes and vinyl ethers \/Oﬁoacm l &
HzCs .
) -
CDVEI124127] BF.
(Continued)

2,4,6-TAP fluoroboratel 7!
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Table 2. (Continued)

Type Monomer Photoinitiator Absorption
. C»[O/N}o\ﬁwz Q 350-400 nm
DVE-3[79,102,127] Qs C;\ e

SbFg \\)I

o, O

8 s«@—\s) SbFg
O~ O
TAS170.71,127,128]
Ho

g
OXAI73.76]

Hybrid Composite Acrylate, Epoxy CQI7I (or I-819)171] + TAS wavelength-
selective
polymer-
ization

365 and 450
nm

?) Abbreviations of materials: PEG-DA, poly(ethylene glycol) diacrylate; PEG-MA, poly(ethylene glycol) dimethacrylate; Irgacure 1173, 2-hydroxy-2-methylpropiophenone;
DGEBA-DA, bisphenol A diglycidyl ether diacrylate; DGEBA-MA, bisphenol A-glycidyl methacrylate; TPO, diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide; HDDA,
1,6-hexanediol diacrylate; Irgacure 819, phenylbis(2,4,6-trimethylbenzoyl) phosphine oxide; MBAA, N,N’-methylenebis(acrylamide); Irgacure 184, 1-hydroxycyclohexyl
phenyl ketone; PCL-MA, poly(e-caprolactone) methacrylate; Irgacure 2959, 2-hydroxy-4'-(2-hydroxyethoxy) —2-methylpropiophenone; NIPAAm, N-isopropylacrylamide;
LAP, lithium phenyl-2,4,6-trimethylbenzoyl phosphinate; Trithiol, trimethylolpropane tris(3-mercaptopropionate); CQ, camphorquinone; PETMP, pentaerythritol tetra(3-
mercaptopropionate); TTT, triallyl-1,3,5-triazine-2,4,6-(1H,3H,5H)-trione; Eosin Y, 2',4’,5',7'-tetrabromofluorescein disodium salt; DGEBA, bisphenol A diglycidyl ether;
lod, bis (4-tert-butylphenyl)iodonium hexafluorophosphate; EPOX, (3,4-epoxycyclohexyl)methyl 3,4-epoxycyclohexanecarboxylate; Ph, IPF, diphenyliodonium hexafluorophos-
phate; VCDE, vinylcyclohexene dioxide; CDVE, 1,4-cyclohexanedimethanol divinyl ether; 2,4,6-TAP fluoroborate, 2,4,6-tris (4-methoxyphenyl) pyrylium tetrafluorborate; DVE-3,
tri(ethylene glycol) divinyl ether; TAS, triarylsulfonium hexafluoroantimonate salts; OXA, (3-ethyloxetan-3-yl)methanol.

ing the laser power is a prevalent technique for controlling ex-
posure dosage; in general, an increase in exposure dosage fa-
cilitated the cross-linking of more polymer chains to form a
denser polymer network (Figure 3A).512%1 Adjusting the laser
scanning speed is another common strategy for controlling the
exposure dosages of the laser and the graded properties of the
print (Figure 3B). The local cross-linking degree within the resin
matrix decreases with the increase in printing speed because a
high scan speed results in a short residence time (and conse-
quently, a low exposure dosage).['*! In addition to adjusting laser
power and laser scanning speed, researchers have changed the
“layer thickness” (the distance between two scanning layers) in
TPP or the “hatch spacing” (the distance between two scanning
lines) in laser scan SLA to modify the local cross-linking degree
of the resin matrix.['**132] In TPP, all points lying in the same
plane are fabricated together, with the laser focus then moving
to the next layer to fabricate the set of points lying on that plane;
a higher distance between two adjacent scanning layers forms
looser polymer networks (Figure 3C). In laser scan SLA, objects
are constructed through the raster-like scanning of a laser beam;
a higher hatch spacing forms looser polymer networks between
two scanning lines.

3.2. Planar Technique: Projection-Based Grayscale 3D Printing

Although various VP technologies are available, projection-based
VP has emerged as the most widely adopted method for grayscale
3D printing. Because the polymerization degree of the pho-
toresin is controlled by the exposure dose (m] cm™2), and the
latter is the product of the intensity of the light source (mW

cm™) and the exposure time (s), grayscale 3D printing can be
achieved either by spatial control over the light intensity or by
the exposure time (Equation 2 in Table 3). The resulting gradient
in the cross-linking degree within the resin matrix leads to corre-
sponding gradients in properties such as mechanical, thermal, or
swelling.

Digital grayscale masks are a prevalent technique in grayscale
3D printing for controlling light intensity (Figure 3D-F). These
digital grayscale patterns are loaded into the printers and
projected using DMD/LCoS modulators (reflectance projection
printers) or displayed through an LCD (transmission projection
printer). Among the digital grayscale masks, the most commonly
employed are the 8-bit and halftoning patterns (Figure 3D,E). For
8-bit patterns, grays are encoded in bit planes that represent the
ratio of light states to dark. Each pixel’s relative brightness is de-
fined in the bitwise segment, with each bit indicating successive
ON/OFF durations.[33] In this technology (using DMD as an ex-
ample, Figure 3D), grayscale does not represent true gray colors;
instead, the DMD projector switches mirrors ON and OFF at a
1/256 duty cycle.[*>133] As indicated in Table 3, high-end print-
ers or custom systems can directly project the grayscale mask
pattern. However, many commonly used projection SLA printers
can only handle 1-bit slices.[3>3087:88134135] [n such cases, 1-bit bi-
nary grayscale masks (comprising binary black and white pixels)
generated through halftoning algorithms offer simpler and more
universally applicable alternatives.['**13] Two commonly used
pixel-coding algorithms, namely the frequency-modulated and
amplitude-modulated methods, /13614011l have been employed to
create binary masks with different brightness levels by arranging
black and white pixels in varying ratios.
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Table 3. Comparison of various grayscale 3D printing techniques.

Technology

Type

Advantages

Drawbacks

Representative printers

Serial: laser-based
method 2

Planar: projection-based
method °)

Volumetric method

Laser scan stereolithography
(SLA)

Two-photon polymerization (TPP)

8-bit grayscale masks

1-bit halftoning masks

Digital exposure

Other technologies

Xolography and computed axial
lithography (CAL)

High power enables grayscale
3D printing with composite
formulations

Very high resolution: spatial
control over the cross-linking
degree at a nanometer scale

\/ Mainstream approach
+/ Pixel-level resolution
+/ Rapid: different gray level

exposures synchronously

/ Compatible with different
commercial SLA printers
4/ Pixel-level resolution

+/ Rapid: different gray level
exposures synchronously

+/ Easy to conduct: directly
modify the G-codes
4/ Cheap machines

\/ Easy to conduct: physical
mask or frontal

photopolymerization

Most commercial laser SLA
printers can not modify the
parameters layer-by-layer

% 1-20 mm® h~' (whole

printing)[543%]

* Small build volume (~ 1
cm?)[5156]
* Limited material selection
High-end printers or custom

systems are needed

# Pixel-coding and image
optimization algorithms
are needed
« Trade-off between print
resolution and halftoning
printing efficiencyl 1]
« Different gray level
exposures, one by one
* Sharp transitions between
different gray levels

Inadequate for preparing
complex 3D geometries

\/ Moai Laser SLA 3D Printer
(Peopoly, laser-based),!'>¢] $3099

4/ Photonic Professional GT
(Nanoscribe GmbH, direct laser

writing),[*1371 $350 000

4/ NanoArch $130/S140 (BMF,

DMD-based),["*8] $50 000 to
$120 000

\/ Ember 3D Printer (Autodesk,
DMD-based),[?°! $5995 to $7500

Any projection printers

v/ iSUN3D/Nova3D

(LCD-based),!'"?] $500 to $1500

Any projection setups

No FGMs have been manufactured by volumetric photopolymerization

? For serial methods (laser SLA and TPP), the energy delivered can be written as E = —— , where E, P, V, are the energy dose, laser power, and scanning speed, re-

Vs xh

spectively, and h represents the “layer thickness” (the distance between two scanning layers) in TPPI'3'l or the “hatch spacing” (the distance between two scanning
lines) in laser scan SLA.I"32] Laser-based VP achieves grayscale 3D printing by programming the laser power, scanning speed, or hatch spacing (layer distance) to cre-
ate a gradient exposure dose. ®) For planar methods (projection-based), the energy delivered can be written as E = | X t, where, E, I, t are the exposure dose, light
intensity, and exposure time, respectively.[¥$132] Projection VP achieves grayscale 3D printing by programming either light intensity through grayscale masks or exposure

time through digital exposure to create a gradient exposure dose.

The so-called “dynamic digital exposure” process!!“>-1#4] repre-
sents a special grayscale technique employed in projection SLA
(Figure 3F) that closely resembles the grayscale mask method.
Whereas the latter achieves this through programming light in-
tensity using grayscale masks, in the former technique, poly-
merization is controlled by programming the exposure time.
Both approaches yield a grayscale exposure dose, resulting in
a graded degree of cross-linking. For example, LCD-based and
DMD-based projection setups capable of digitally programming
exposure times have been used to fabricate functional materials
featuring 3D gradients or 4D responsive characteristics.['12142] Ag
depicted in Figure 3D-F, a graded lattice sample can be manu-
factured using an 8-bit grayscale pattern (with gray values of 127,
191, and 255), a 1-bit halftoning pattern (with brightness values
of 50, 75, and 100%), or a dynamic digital exposure pattern (with
exposure times of 5, 10, and 15 s). Note that the numbers here
are indicative only.

3.3. Other Grayscale VP 3D Printing Technologies

In addition to the previously mentioned technologies, various
other techniques, including physical or sliding masks and

FPP,[27145-150] have been employed to implement grayscale poly-
merization (Figure 3G-I). Diverse physical grayscale masks have
found use in grayscale lithography for creating complex bump
topography featuring height and cross-linking degree gradients.
This capability enables the production of textured surfaces with
micro- and nano-features.>'"1>3] For example, an elastic gradi-
ent of mercapto-terminated polyvinylmethylsiloxane elastomer
was produced using a single physical mask with radial gradual
transmittance.>!l In another example, two overlaid physical
masks(!5?] were used in the manufacture of a swellable polymer
sheet with “smooth” swelling profiles. Other physical masks,
such as microfluidic-assisted photomasks, have been used to
generate multilevel microstructures.['>3] Apart from physical
masks, a sliding mask has been employed to produce a resin
sample with varying stiffness, as it creates a linear exposure gra-
dient across the resin when the mask moves. In comparison, FPP
achieves a through-thickness gradient in cross-linking degree
by light attenuation from the illumination surface into the liquid
resin (Figure 31).188106112] Based on the modified Lambert-Beer
law,[®8 this light attenuation is influenced by both absorption
(by photoinitiators) and scattering (from the presence of fillers).
It is worth noting that the FPP method is primarily used for
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Figure 3. Examples of grayscale vat-photopolymerization 3D printing. A-C) Laser-based grayscale 3D printing technologies (examples based on two-
photon polymerization). Grayscale direct laser writing can be achieved through three methods: A) adjusting the laser power, B) fine-tuning the scanning
speed, and C) controlling the layer thickness (the distance between each successive layer) during the laser writing process. All these technologies
enable voxel control over the local cross—linking degree of the resin matrix. D—F) Projection-based grayscale technologies. Grayscale 3D printing can
be accomplished through spatial control over either light intensity (D,E) or exposure time (F). In (D), 8-bit grayscale masks with 256 levels, created in
software such as Photoshop or MATLAB, can be used to modulate light intensities during projection, provided that the 3D printer’s light modulator (such
as a digital micromirror device or liquid crystals on silicon) can handle grayscale images. Example E) uses 1-bit halftoning masks with opaque/transparent
dots generated through pixel-coding algorithms. The fraction of transparent dots defines the brightness level, making it compatible with any projection
stereolithography printer. F) Grayscale 3D printing is achieved by assigning different exposure times per voxel, exemplified with a liquid crystal display. In
all cases (A—F), the numbers associated with laser parameters and exposure presets are for reference purposes only. G—I) Other grayscale technologies
include the use of physical/sliding masks and frontal photopolymerization (FPP) technology. Example G) involves the use of a physical mask with
radial gradual transmittance to achieve grayscale printing. Example H) incorporates a sliding mask to create a linear exposure gradient across the resin,
resulting in a gradient in cross—linking degree from left (high) to right (low). Example 1) describes the grayscale photopolymerization mechanism of FPP:
owing to a light intensity gradient in the through-thickness direction, graded cross-linking, and anisotropic volume shrinkage occur when comparing
the top of the sample with the bottom.

l. Frontal photopolymerization
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controlling layer height or cross-linking degree in a single-
layer exposure and does not constitute traditional 3D printing.
Although these approaches may not be suitable for creating com-
plex 3D geometries (e.g., overhanging features), they present
innovative possibilities for expanding the capabilities of VP 3D
printing.

3.4. Comparison of Different Grayscale VP 3D Printing
Technologies

Table 3 provides a summary of various grayscale VP 3D printing
technologies. Among the different grayscale methods employed

in VP 3D printing, grayscale TPP stands out as the preferred
choice when high-resolution gradients are required. Projection-
based grayscale 3D printing, however, is the dominant approach
because of its ability to strike an excellent balance between print-
ing speed and precision.

Of the projection-based grayscale 3D printing techniques (8-
bit masks, 1-bit masks, and dynamic digital exposure), the 8-
bit grayscale strategy is particularly advantageous because this
method employs hexadecimal values to define up to 256 gray lev-
els for each pixel on the mask,[?-2% resulting in a nearly continu-
ous variation in light intensity during printing.'>? Conversely,
the 1-bit grayscale strategy is compatible with all commercial
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projection SLA 3D printers because the digital halftoning method
can generate universally printable files consisting only of black
and white pixels arranged to mimic the “true” grayscale levels.[}*!]
In addition to digital grayscale masks, some custom setups and
modified commercial printers offer spatial control over exposure
time to achieve FGMs.[105:142-144.154] Aq 3 valuable complement to
grayscale mask-assisted 3D printing methods, the digital expo-
sure process provides flexible control over exposure energies, en-
abling a broader range of material properties to be achieved.!1*!]

It is worth noting that volumetric 3D printing technologies
(xolography and CAL) have not yet been successfully used to cre-
ate FGMs. The limitations of xolography primarily relate to for-
mulation and scalability. Xolography requires a photoswitchable
molecule in the formulation, but there are a limited number of
photoswitchable molecules that can be used in 3D printing. Scal-
ability is limited because of light attenuation. A light sheet at a
specific wavelength (e.g., 375 nm) excites the molecule from its
initial dormant state to a latent state with a finite lifetime. During
this excitation, absorption, and scattering along the propagation
direction cause attenuation of the light sheet, which ultimately
restricts the final print size.[] In the case of CAL, the primary
challenge lies in controlling exposure dose distribution and miti-
gating scattering caused by prematurely gelled polymers. During
CAL 3D printing, the optical dose delivery is not instant but oc-
curs gradually over time through a projection system. This grad-
ual buildup of local optical dose can result in poor reconstruc-
tions, leading to undesired extra gelation or premature gelation
in high-dose voxels. Moreover, these prematurely gelled regions
can scatter subsequent writing beams, disrupting the completion
of dose delivery to the rest of the printed part.!'>]

4. Applications of Grayscale Photopolymerization

4.1. Microfluidics and Micro-Optics

According to the Lambert-Beer law and SLA working
curves, #8159 varying cure depths can be achieved by expos-
ing a photoresin to grayscale light doses during single-layer
fabrication. This technique facilitates the production of mi-
crostructures with intricate or modulated topographies, making
them well-suited for use in microfluidic and micro-optic com-
ponents, although it is worth noting that care must be taken
when using these techniques to avoid overexposure of adjacent
regions and thereby polymerizing void features.[1%1°] He et al.
employed grayscale dual-projection lithography to create circular
microfluidic channels."®! They used two projectors to project
grayscale images toward each other, enabling simultaneous
material polymerization. During this process, a circular region
was formed in areas with low light intensity; the overlap of
energy at the interface of the upper-half and lower-half parts
facilitated bonding between them (Figure 4A). This approach
created customized circular microchannels with intricate fea-
tures such as junctions, bifurcations, hierarchies, and gradually
changing diameters. Rammohan et al. fabricated multilevel mi-
crostructures in a single step by manipulating structure shape,
dimensions, and grayscale values in the grayscale mask.[!%]
Figure 4B illustrates a 150 ym wide microchannel (left) and an
embedded microchannel with alternating obstructions (middle)
created for a passive mixer (right). Atencia et al. fabricated

microfluidic structures with 3D topographies by using binary
grayscale (halftoning) masks.[1*®] A single-step grayscale expo-
sure generated a multilevel microchannel network with varying
widths and heights (Figure 4C, left) and curved surfaces (right).
Nordin et al. achieved significantly higher-resolution 3D com-
ponents beyond the limitations of an SLA printer by assigning
different exposure times per pixel (Figure 4D). These multilevel
microstructures and modulated topographies have the potential
to facilitate various applications that leverage the microscale
manipulation of liquids. For example, they can enhance chaotic
advection to promote mixing!!®*1%3] and enable the integration
of valves and pumps into microfluidic systems.[138164]

Grayscale VP also offers the capability to produce optical mi-
crocomponents. For example, two distinct methods—grayscale
electron beam lithography and grayscale stencil-assisted elec-
tron beam deposition—were employed to craft layered structures
with spatial thickness variations for multispectral filter arrays
(Figure 5A). Valentine et al. applied grayscale nanosphere lithog-
raphy to fabricate optic metasurfaces with arbitrary, nonperiodic
phase profiles (Figure 5B). Yuan et al. achieved the simultaneous
fabrication of microlenses of various sizes and profiles with ex-
cellent shape fidelity, low surface roughness (~ 5 nm), and high
imaging resolution (line width: 1.639 um) by combining single
grayscale UV exposure with mechanical oscillation.'%] Figure 5C
presents the designed grayscale pattern alongside the printed hy-
brid concave-convex microlens array: a triangular array compris-
ing six concave microlenses surrounded by 15 convex ones. Sim-
ilarly, a “drosophila eye” compound microlens array has been
replicated using a bio-inspired grayscale mask (Figure 5D). This
textured surface, created through grayscale lithography, can mod-
ify its hydrophobicity, friction, haptics, and adhesion.[1¢:167]

4.2. Biomedical Applications

Grayscale VP 3D printing holds significant promise for biomed-
ical applications (such as tissue engineering, organs-on-chips,
and drug screening) because of its ability to fabricate sophisti-
cated miniature biological constructs with graded properties. For
example, grayscale digital masks were used in a two-step sequen-
tial printing process for a hepatic model application. First, a layer
of human-induced pluripotent stem cell-derived hepatic progen-
itor cells (hiPSC-HPCs) was created, supported by a printed
lobule structure using 5% (w/v) gelatin methacrylate (GelMA).
Then, a second complementary layer of supporting cells (non-
parenchymal cells from endothelial and mesenchymal origins in
the liver) was added, supported by a vasculature structure printed
using 2.5% (w/v) GelMA with 1% (w/v) glycidyl methacrylate-
hyaluronic acid.'’!l This innovative approach efficiently pro-
duced a 3D in vitro hepatic model (Figure 6A) that closely mimics
the in vivo hepatic structure. Over weeks of in vitro culturing, this
3D-printed vascularized hepatic model demonstrated phenotypic
and functional improvements in the hiPSC-HPCs,['7! which is a
crucial development for the creation of personalized platforms
for in vitro drug screening and disease studies.

In addition to creating in vitro models, one of the most valu-
able applications of grayscale exposure in biology is the ability
to manipulate extracellular matrix (ECM) properties. This ma-
nipulation enables researchers to explore the effects of dynamic
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Figure 4. Grayscale vat-photopolymerization in microfluidics. A) Grayscale dual-projection for fabricating circular microfluidic channels. Reproduced
with permission.[181] Copyright 2017, Springer Nature. B) One-step grayscale lithography: grayscale masks and corresponding fabricated microfluidics.
Reproduced with permission.l'62] Copyright 2011, Elsevier. C) Multilevel microchannel network with varying widths and heights (left) and curved sur-
faces (right), generated using grayscale patterns (binary opaque/transparent pixels). Reproduced with permission.['*8] Copyright 2007, Royal Society
of Chemistry. D) 3D printing of a squeeze valve by assigning different exposure times per pixel (insets, from left to right: grayscale pattern, schematic
diagram of open state, schematic diagram of closed state). Reproduced with permission.['9] Copyright 2021, Springer Nature.

changes in cell response and direct cell phenotypes. For exam-
ple, Kloxin et al. developed photodegradable poly(ethylene glycol)
(PEG)-based hydrogels that undergo controlled degradation upon
light irradiation.['”? They used these dynamic systems as cell cul-
ture platforms with variable elasticity to study the impact of ECM
elasticity (ranging from 32 to 7 kPa after 300 s of irradiation) on
the fibroblast-myofibroblast differentiation process. After cultur-
ing valvular interstitial cells (VICs) on the modulus-gradient hy-
drogels, they observed modest expression of alpha-smooth mus-
cle actin (¢SMA) on both substrates during the initial two days.
However, by the third day, there was a notable increase in the or-
ganization of aSMA stress fibers on the high-modulus substrates
(Figure 6B), which confirmed that low-modulus substrates re-
strict VIC activation. Yin et al. changed the stiffness in 3D-printed
microstructures by adjusting the UV dose in different zones.
When bovine pulmonary artery smooth muscle cells were seeded
athigh density on a fully stiff tube, they uniformly migrated along
the wall and formed 3D cell layers encompassing the stiff tube’s
outer and inner walls, resulting in a 3D vascular tube-like tis-
sue structure (Figure 6C, upper). In contrast, when seeded on
a tube with both stiff and soft regions, the cells predominantly
migrated along the stiff regions of the wall, creating a 3D half-
vascular tube-like tissue structure (Figure 6C, lower).

4.3. Gradient-Color Printing and QR Pattern

Because it offers precise spatial control over the exposure dose,
the grayscale approach empowers the printing of gradient-color
products and quick response (QR) codes through processes
such as photocross-linking,!?62831154] photodegradation,!*”3] or
photocatalysis.['**] These capabilities have the potential for ad-
vanced displays, encryption, and anti-counterfeiting applications.

For example, a photocurable resin (ethoxylated trimethylol-
propane triacrylate mixed with photoinitiator) was systematically
cross-linked at various densities by employing multilevel UV
exposure, resulting in a graded polymer in which the cross—
linking density affects how much spiropyran (a photochromic
functional material) can be absorbed into different areas. This
method facilitated the creation of gradient micropatterns be-
cause areas subjected to lower UV dosage (characterized by
lower cross-linking degree) absorbed more spiropyran, thereby
appearing as a darker purple color, whereas areas with higher
UV exposure exhibited the opposite effect.'>*! Similarly, fluo-
rescein has been used in gradient-color printing owing to its
grayscale-dependent diffusivity: lower cross-linking degree re-
sults in higher fluorescein diffusivity and greater color bright-
ness. This innovative approach yields a micropatterned polymer
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Figure 5. Grayscale patterning in micro-optics. A) Multispectral filter arrays manufactured via i) grayscale electron beam lithography and ii) grayscale
stencil-assisted electron beam deposition. Image i) Reproduced with permission.[8] Copyright 2019, American Chemical Society. Image ii) Reproduced
with permission.[18%] Copyright 2020, Optica Publishing Group. B) Metalens fabricated by modulating exposure dosage with the grayscale pattern.
Reproduced with permission.['7%] Copyright 2021, American Chemical Society. C) A microlens array printed using an 8-bit pattern. Reproduced with
permission.!'8%] Copyright 2019, American Chemical Society. D) A bio-inspired grayscale mask (drosophila eye used as an exposure pattern through a
high-contrast mask) used to produce micropatterns composed of high-curvature elements with various geometries. Reproduced with permission.!1¢’]

Copyright 2011, Royal Society of Chemistry.

surface with two distinct dye levels, resulting in a scannable QR
code.[%]

Qi et al. recently achieved highly efficient multicolor 3D
printing in a single-vat, single-batch process using a diamino-
substituted anthraquinone-based dye known as Solvent Blue 104
(Figure 7A).1*®) Their success hinged on their precise control of
light exposure. Through modulation of the UV light dose at the
pixel level, the printer exerted local control over the concentration
of free radicals, consequently influencing the degree of dye oxida-
tion mediated by these free radicals. This level of control allowed
for the realization of multicolor 3D printing because the color of
Solvent Blue 104 changed in response to the degree of oxidation
(a low dose resulted in low oxidation and a blue hue, whereas a
high dose led to high oxidation and a yellow hue).

Grayscale photodegradation provides another avenue for
achieving gradient-color printing, primarily through photocleav-
able or photodegradable hydrogels.['72174] As an illustrative ex-
ample, an original grayscale mask was derived from Vincent van
Gogh’s painting The Starry Night. This mask inverted the tonal
values to generate a “negative” projection pattern, which was sub-
sequently projected onto the hydrogels containing photodegrad-
able PEG 4000 4-(3-(acryloyloxymethyl)—2-nitrobenzyloxy)—4-
oxobutanoate macromer and non-degradable PEG 4000 diacry-

late. The lightest regions within the “negative” projection pattern
corresponded to the most extensively exposed areas, resulting in
the highest degree of degradation and thereby the darkest regions
in the degraded hydrogel (Figure 7B).

Grayscale exposure technology has also been used to precisely
control the photocatalyzed reduction of silver ions in both tem-
poral and spatial domains, thereby allowing the rapid produc-
tion of plasmonic substrates with customized multiscale struc-
tures, ideal for direct color printing.['**] By adjusting the exposure
dosage, silver ions within a TiO,-capped quartz substrate are re-
duced to form silver nanoparticles (AgNPs) with varying sizes,
each exhibiting distinct colors owing to Fano resonance, result-
ing in a color image of a campus building (Figure 7C). The spec-
tral dip in this reflection spectrum can be fine-tuned by altering
the dimensions of the AgNPs, thus facilitating the generation of
plasmonic colors.[1*+175]

4.4. Soft Robotics and the Art of Origami
Grayscale photopolymerization has also been used to control

the local properties of materials to induce changes in shape or
functionality over time, resulting in “4D printing”.[143176-178]
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Figure 6. Grayscale vat-photopolymerization in biomedical applications. A) Schematic representation of two-step bioprinting of polymerized lobule
(left grayscale digital mask) and vascular (right grayscale digital mask) structures. The images captured under fluorescent and bright field channels
reveal patterns of fluorescently labeled hiPSC-HPCs (green) in 5% (w/v) GelMA and supporting cells (red) in 2.5% (w/v) GelMA with 1% GMHA on
day 0. hiPSC-HPCs: human-induced pluripotent stem cell-derived hepatic progenitor cells; GelMA: gelatin methacrylate; GMHA: glycidyl methacrylate-
hyaluronic acid. Reproduced with permission.['”"] Copyright 2016, National Academy of Sciences. B) Sliding mask used to create a linear exposure
gradient across the sample, resulting in a modulus gradient from left to right. To confirm the promotion or suppression of differentiation on the two
modulus extremes (E = 32 and 7 kPa), VICs were seeded on discrete high- and low-modulus samples. On days 1 and 2, some diffuse aSMA was
present but not organized. However, by day 3, organized aSMA stress fibers were prominently observed on high-modulus samples, with limited «SMA
present on low-modulus samples. VICs: valvular interstitial cells; «SMA: alpha-smooth muscle actin. Reproduced with permission.!'72] Copyright 2010,
Elsevier. C) Spatial control of cellular organization on structures with independently programmed stiffness (stiff: cross—linked at 72 m) cm=2, with £ =
11kPa; soft: cross—linked at 44 m) cm~2, with E = 5kPa). Compared to the stiff tube (upper), bovine pulmonary artery smooth muscle cells cultured on
grayscale-printed structures (lower) preferred migrating up and attaching to stiff regions over attaching to soft regions. Reproduced with permission.[®]
Copyright 2018, Springer Nature.
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Figure 7. Gradient-color 2D patterns and 3D parts fabricated through grayscale photoreactions. A) An intricately colored vase featuring artistic patterns
and characters crafted using grayscale 3D printing. The color of anthraquinone-based dye Solvent Blue 104 transitions from blue to yellow as the light dose
and radical concentration increase. Reproduced with permission.[?8] Copyright 2022, Wiley-VCH. B) Fabrication of hydrogel with grayscale degradation.
Areas exposed to higher UV dosages (light areas, center panel) exhibited greater degradation of the hydrogels, resulting in darker coloration (right panel).
Reproduced with permission.l'73] Copyright 2016, American Chemical Society. C) Direct plasmonic color printing through a grayscale photocatalyzed
reaction. The color can be tuned to light yellow, yellow, purple, or red-purple, depending on the exposure dose. Reproduced with permission.[4] Copyright

2018, American Chemical Society.

Typically, reversible shape-shifting is accomplished through
anisotropic responses to specific stimuli (stimuli-responsive
hydrogels)78179181 or to swelling/deswelling-induced mis-
matches (non-responsive hydrogels).[27:131.180.181]
Stimuli-responsive hydrogels have found extensive use in the
development of soft actuators and robots because of their abil-
ity to respond to external stimuli such as temperature, pH,
ionic concentration, electric fields, or light that result in changes
in their degree of swelling.'8182] Poly(N-isopropylacrylamide)
(PNIPAAm), a commonly used monomer for creating thermally
responsive hydrogels, has proven to be an ideal material for con-

structing soft actuators and robots.[”#12%17] Han et al. employed
grayscale mask-assisted 3D printing to create PNIPAAm mi-
crostructures that exhibited reversible shape-shifting responses
to temperature changes (Figure 8A).”] Using a grayscale mask,
they programmed bending behavior into a PNIPAAm micro-
gripper that could open and close in response to low and high
temperatures, respectively. Similarly, Hippler et al. used a com-
mercial direct laser writing setup to fabricate PNIPAAm-based
hetero-microstructures.['’°l With a constant laser scanning speed
of 1 mm ~s, they fabricated horizontal beams that curved when
heated by using a laser at the back focal plane with a power of
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Figure 8. Grayscale vat-photopolymerization in actuators and robots: A,B) achieving shape-shifting through temperature and C,D) pH stimulation. A)
Poly(N-isopropylacrylamide) (PNIPAAm) microgripper consisting of four beams fabricated using two different grayscale levels. Different swelling ratios
between the two regions induce the bending of the beams toward the center at high temperatures (33 °C). Reproduced with permission.l”] Copyright
2018, Springer Nature. B) Temperature-induced actuator constructed with PNIPAAm-based hetero-microstructures (green: lower laser power; gray:
higher power). The horizontal beam started straight at 20 °C but curved at 45 °C. Reproduced with permission.l'”?l Copyright 2019, Springer Nature. C)
Micro ball structure with increasing cross—linking degree, printed by incrementally raising the laser power from 12 mW (inner layer) to 40 mW (outer
layer). When subjected to variations in environmental pH, the micro ball underwent reversible shape transformations, transitioning between a spherical
structure (in the swelling state, pH 12) and a slender cylinder (in the shrinking state, pH 6). Reproduced with permission.[8] Copyright 2020, Elsevier. D)
3D-to-3D shape-morphing process of a microscale transformer from a race car to a humanoid robot (the sample was printed via grayscale direct laser
writing). Reproduced with permission.l'2° Copyright 2020, American Association for the Advancement of Science.

30 and 37.5 mW for less and more cross-linking, respectively.
These horizontal beams initially remained straight at a tempera-
ture of 20 °C but curved at 45 °C (Figure 8B); the response was
entirely reversible and free from any degradation.

In the same year, Duan et al. developed stimulus-responsive
hydrogels and used them to print microstructures featuring
graded cross-linking densities, which exhibited significant re-
sponses to alterations in both temperature and pH.[®'?°! For ex-
ample, they printed a micro ball (Figure 8C) by varying the laser
power from 12 mW (for the inner layer) to 40 mW (for the outer

layer). This structure could transition between a spherical form
(swelling state, pH 12) and a slender cylinder (shrinking state, pH
6). In addition, they demonstrated the ability of a one-step direct
laser writing process to create a microscale transformer using
carefully formulated stimulus-responsive hydrogels.'?”! When
exposed to different solutions (acidic or alkaline), this 3D-printed
transformer could undergo shape transformations between that
of a race car and a humanoid robot (Figure 8D).

Owing to the limited availability of stimuli-responsive hydro-
gels, researchers have explored the potential of non-responsive
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nar print layouts, the black background signifies no light exposure; light and dark regions correspond to light exposures of 14 and 30 s, respectively).
Reproduced with permission.['#] Copyright 2019, American Chemical Society.

hydrogels to exhibit swelling characteristics in a solvent medium.
These hydrogels can de-swell when dried or adjust their swelling
degree depending on the surrounding medium. This exploration
has promoted the development of origami structures, grippers,
and sensors specifically engineered to adapt to various solvent
enVironmentS.[27'106'112'131’180'181’183]

Multiple research groups have harnessed FPP-based tech-
niques for crafting 3D origami structures. In-plane variations of

light intensity have been achieved by using grayscale masks or
digital exposure; the light intensity across the thickness direction
is controlled through light attenuation (based on the Lambert-
Beer law), thereby resulting in local regions with graded de-
grees of cross-linking.!1%] Xie et al. used a double-sided illumina-
tion technique, adjusting the light dose by varying the exposure
time, to fabricate a Miura structure (Figure 9A).13] Qi et al., in
comparison, created a similar origami structure by employing a
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two-side illumination setup to regulate the light dose using
grayscale masks (Figure 9B).?”] Select grayscale-printed origami
structures can transition into flat shapes when immersed in
acetone. Subsequently, these flat sheets return to their origi-
nal origami configurations upon removal from the acetone bath
(Figure 9C).

Akin to the non-responsive hydrogel, a temperature-
responsive hydrogel has been prepared that manifests reversible
deformation characteristics in response to temperature alter-
ations (Figure 9D). The cycles of unfolding at 70 °C and folding
at 10 °C were repeatable. However, it is worth noting that the
response times to temperature stimuli'*! (unfolding, folding:
>2 min) were longer compared with those observed in solvent
hydrogels!'%! (unfolding: 10-30 s; folding: 2 min). This capacity
for reversible shape-shifting, whether through the repeated
absorption and evaporation of acetone or low/high-temperature
switching, holds significant promise for developing shape-
shifting 3D nano-photonic devices and electronics.[?7:10614]

5. Conclusion and Perspectives

Grayscale photopolymerization 3D printing surpasses traditional
VP techniques when fabricating complex structures with gra-
dient properties. This discussion examined and compared vari-
ous grayscale methods for controlling light exposure and mate-
rial properties. Grayscale mask—assisted 3D printing has become
mainstream because of its fabrication speed and scalability ad-
vantages. However, grayscale TPP is the superior choice when
exceptionally high-resolution gradients are required.

Despite the recent successes of various grayscale 3D printing
methods, improvements are still needed. Volumetric 3D print-
ing, a technology introduced in 2019, is still in its developmental
stages and faces numerous challenges, such as formulation lim-
itation and scalability issues in xolography, and dose distribution
and light scattering issues in CAL. These challenges must be ad-
dressed before volumetric printing can be effectively employed
for true grayscale printing. Furthermore, although there has been
significant progress in serial (TPP) and planar (projection-based)
grayscale 3D printing, limitations such as feedstock options and
fabrication time in the TPP technique, as well as resolution and
bitmap optimization in projection-based methods, still need to
be overcome.

5.1. Improvements in Feedstocks

Because VP is a light-based technique, the requirement for trans-
parency limits the possibility of expanding the available mate-
rial set by loading the resin bath with particles of high refrac-
tive index (e.g., ceramics or metals with refractive index >2).%8
This inherent limitation extends to the choice of materials for
grayscale SLA: current grayscale VP 3D printing primarily uses
single transparent photoresins instead of particle-loaded com-
posite formulations. In the near future, developing photocurable
composite formulations for grayscale VP and reducing scatter-
ing effects in composite feedstocks will be necessary. The abil-
ity to freely choose fillers (e.g., polymers, ceramics) presents
opportunities to incorporate additional functionalities, such as

biomineralization!!#*18] and extended responsive features,!'1?!
into 3D-printed components. Beyond composite grayscale 3D
printing, combining multiple materials with grayscale VP offers
a promising avenue for enhancing the multifunctionality of 3D
printing.!"7118%] Multi-material grayscale 3D printing could facili-
tate the creation of FGMs in various orientations, leveraging het-
erogeneous structures or ingredients to produce 3D-printed com-
ponents (e.g., soft robots and actuators) with added anisotropic
functionalities. It is envisioned that differently graded compos-
ites will be manufactured and assembled using various parallel
modules to construct complete and functional devices.[!87:188]

5.2. Improvements in Grayscale Methods

As mentioned previously, the predominant grayscale VP method
is the grayscale mask—assisted 3D printing, typically employing
8-bit patterns that yield varying UV light intensities during print-
ing. Because many projection-based printers are designed for
black-and-white 2D slices, supplementary binary grayscale masks
are required. These masks can be generated using different pixel-
coding algorithms. The emergence of digital halftoning SLA has
inspired the development of coding techniques for generating bi-
nary grayscale masks, but only a few instances of such halfton-
ing approaches appear in the literature.[136-138.141189.190] Sjonify.
cant challenges remain. In binary grayscale masks, the number
and size of pixels per unit area are critical factors in determining
the level of discretization or continuity in the transferred topogra-
phies and the quality of transitions between different brightness
levels.'3] In addition, the balance between resolution and effi-
ciency is crucial for manufacturing high-resolution graded ma-
terials. The success of halftoning printing hinges on factors like
light scattering and the diffusion of activated photoinitiators from
illuminated to non-illuminated regions, which partially solidify
the material. However, light scattering and activated photoinitia-
tor diffusion broaden the effective exposure region of each “ON”
pixel, thus deteriorating the print resolution.'**! Therefore, the
design and optimization of projection patterns are crucial for the
successful execution of grayscale 3D printing.

Additional research is needed to assess the material proper-
ties achieved through different grayscale methods. In situations
where minimizing surface roughness is crucial, such as sloped
arch structures!'¥’] and optical elements,[*’] an 8-bit pattern that
can offer nearly continuous variations in light intensity during
exposure would be the superior choice. Conversely, for applica-
tions like microfluidics, where certain mixer channels benefit
from rough surfaces to enhance mixing efficiency,'%*! halftoning-
based grayscale 3D printing would be the preferred method.

5.3. Extending Grayscale VP to Other Engineering and
Biomedical Applications

Because most current research in grayscale VP 3D printing pri-
marily concentrates on fabricating materials with graded proper-
ties (e.g., mechanical, thermal, optical, and swelling characteris-
tics) through variations in cross-linking degree within the pure
resin, there remains a need for further exploration in engineer-
ing applications (e.g., porous electrical pathways,'°!l magnetic


http://www.advancedsciencenews.com
http://www.afm-journal.de

devices!’?]). Composite and multi-material grayscale 3D printing
methods may offer solutions to address these challenges. In ad-
dition, most current studies for biomedical applications have fo-
cused on fabricating anisotropic substrates or in vitro models for
cell culturing. There is room for investigation into a broader spec-
trum of emerging applications, such as bioimplants, organoids,
and organ-on-a-chip systems, presenting exciting prospects for
grayscale 3D printing.[1%%]

Over the last two decades, considerable progress has been
made in grayscale VP 3D printing technologies. However, to fur-
ther advance gradient fabrication for emerging applications such
as bioimplants, organs-on-chips, and electrical/magnetic devices,
it will be essential to coordinate efforts in developing new meth-
ods for grayscale mask generation, photocurable composites, and
multi-material formulations. Multidisciplinary research and col-
laborations between academia and industry will likely be crucial
in extending this technology.
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