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This paper presents a comprehensive review of recent advances in micro-additive manufacturing enabled by novel
optical methods with an emphasis on photopolymerization-based printing processes. Additive manufacturing,
also known as three-dimensional (3D) printing, has become an important engineering solution to construct cus-
tomized components or functional devices at low cost. As a green manufacturing technology, 3D printing has the
advantages of high energy efficiency, low material consumption, and high precision. The rapid advancement of
3D printing technology has broadened its applications from laboratory research to industrial manufacturing.
Generally, 3D objects to be printed are constructed digitally [e.g., via computer-aided design (CAD) programs]
by connecting a 3D dot array, where a dot is defined as a voxel through mechanical, electrical, or optical means.
The voxel size ranges from a few orders of magnitude of the wavelength of light to the sub-diffraction limit,
achieved by material nonlinearity and precise power thresholding. In recent years, extensive research in optical
additive manufacturing has led to various breakthroughs in quality, rate, and reproducibility. In this paper, we
review various micro-3D printing techniques, including single-photon and two-photon processes, with a focus on
innovative optical methods, e.g., ultrafast beam shaping, digital holography, and temporal focusing. We also
review and compare recent technological advances in serial and parallel scanning systems from the perspectives
of resolution, rate, and repeatability, where the strengths and weaknesses of different methods are discussed for
both fundamental and industrial applications. © 2020 Chinese Laser Press

https://doi.org/10.1364/PRJ.404334

1. INTRODUCTION

Fabrication of arbitrary and complex 3D objects is one of the
core issues of additive manufacturing. In general, three
common manufacturing processes are adopted: forming, sub-
tractive, and additive manufacturing. In the forming process, a
workpiece is reshaped into the desired geometry. The process
does not involve material addition or subtraction, e.g., vacuum
molding, superplastic forming, and compression molding [1,2].
As to subtractive manufacturing, it typically requires the use of
cutting tools or high-power lasers to remove unwanted parts
from the workpiece. Apart from these two approaches, additive
manufacturing, i.e., 3D printing, adds, rather than reshapes or
removes, materials to construct 3D objects with desired geom-
etry. 3D printing is not only cost effective and energy saving but
also delivers results with lower material consumption, better
customizability, and higher precision [3–5]. As such, 3D print-
ing has become widely adopted and extensively applied in many
fields, e.g., medicine [6–8], microelectronics [9–11], optics
[12–15], education [16], and architecture [17]. Moreover, with

the introduction of commercial computer-aided design (CAD)
software and reasonably-priced printers, design and fabrication
of 3D objects are greatly simplified for even untrained people.
The once professional manufacturing technique has now be-
come so accessible that it attracts a growing number of users.
The global market for 3D printing has been growing at a rate of
20.6% from 2013 to 2020 [18]. The market was valued at
$11.58 billion in 2019 and expected at $35.38 billion in
2027 [19].

In 3D printing, an object is constructed and described dig-
itally by a dot array, where a dot, i.e., voxel, represents a mini-
mum printing unit in the same way as it is a pixel in imaging.
The voxel size in 3D printing technology ranges from nanoscale
to macroscale [5]. Among the different 3D printing technolo-
gies, micro-additive manufacturing (or micro-3D printing),
which exploits a micrometer or sub-micrometer scale voxel,
has been extensively researched due to its capability to
fabricate various microproducts, e.g., microelectromechanical
systems (MEMS), micro–opto–electro–mechanical systems
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(MOEMS), and micro-optical electronics systems (MOES),
which are potentially applicable in fields such as sensing, medi-
cine, and communications [20]. As the said fields of science
advance, the demand for further miniaturized microproducts
is compelling. As opposed to conventional methods, micro-
3D printing techniques can effectively facilitate the testing
and studying of complex 3D microstructures and elements
in small or medium batches. Figure 1 shows the microproducts
generated by micro-3D printing technologies [21–26].

In spite of the differences in materials, working mechanisms,
or processing methods, micro-3D printing technologies can be
categorized as follows: fused filament deposition (FFD)
[27–30], direct ink writing (DIW) [31–33], direct energy
deposition (DED) [34–37], laminated object manufacturing
(LOM) [38,39], electrohydrodynamic redox printing
(EHDP) [40,41], powder bed fusion (PBF) [42,43], photopo-
lymerization-based 3D printing (P3DP) [44–48], and laser
chemical vapor deposition (LCVD) [49,50]. Table 1 summa-
rizes these approaches in the feedstock material, process, fab-
rication rate, and resolution [28,29,32–34,36,37,39–41,
44–48,50–54]. From Table 1, one may conclude that the op-
tical method (especially P3DP) is one of the most critical
processing means due to its strengths in resolution, quality,
reproducibility, and rate. First, the resolution in optical 3D
printing is determined mainly by the diffraction limit of the
illumination system, i.e., 0.61λ∕NA, where λ and NA refer
to the wavelength of the light source and numerical aperture
of the illumination system, respectively. By using a light source
with shorter wavelengths, e.g., UV beam, and an objective with
higher NA, a higher resolution can be achieved. The result can
be further improved by exploiting material nonlinearity and
precise power thresholding [45,53]. (Note that although
DED and EHDP achieve higher resolution, the associated high

cost and low fabrication rate greatly limit their applications.)
Second, the optical method renders a firmer connection of ad-
jacent voxels as opposed to other approaches based on heat
treatment and laminating. The post-processing step, such as
photo-curing, also contributes to the quality of 3D printing
parts [34,51]. Last, the laser spot or optical pattern that proc-
esses the feedstock facilitates the stability and reproducibility as
a result of the non-contact approach between the processing
region and the illumination system.

As many optical 3D printing techniques, including laser-
assisted DED, PBF, and LCVD, use a tightly focused laser spot
to melt the feedstocks or enhance the chemical vapor deposi-
tion, and thereby all share similar optical configurations, com-
prising a light source, beam collimator, scanning system, and
objective. In contrast, P3DP has a diverse system design, as
it does not need a tightly focused spot to initiate the photopo-
lymerization process. Many P3DP systems are simultaneously
microscopic imaging systems, where the latest microscopy
techniques are implemented to enhance the performance.
For example, the resolution can be improved by introducing
super-resolution microscopy methods, e.g., stimulated emis-
sion depletion (STED) [53,55,56]. Therefore, P3DP has been
widely investigated as a more appealing optical 3D printing
technique. In this review, we will focus on the micro-P3DP
technology including single-photon and two-photon processes.
We will provide an up-to-date overview for the readers in the
optics community and discuss a few selected innovative optical
methods for enhancing printing performance in depth.
Furthermore, we will review and compare the latest technologi-
cal advances, e.g., serial versus parallel scanning, in terms of
resolution and rate. Finally, we will examine the strengths
and weaknesses of different methods for both fundamental
and industrial applications.

Fig. 1. Microproducts fabricated via micro-3D printing technology: (a) 3D gate pressure-actuated multi-flow controller (reprinted by permission
from RSC: Lab on a Chip [21], copyright 2015); (b) photonic crystal (reprinted by permission from Wiley-VCH: Advanced Materials [22], copy-
right 2006); (c) cell holder (reprinted by permission fromWiley-VCH: Advanced Materials [23], copyright 2011); (d) 3D electrically small antennas
(reprinted by permission fromWiley-VCH: Advanced Materials [24], copyright 2011); (e) mechanical metamaterials (reprinted by permission from
AAAS: Science [25], copyright 2014); and (f ) wireless transmitter clocked by an oscillator (reprinted by permission from Wiley-VCH: Advanced
Materials [26], copyright 2017).
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2. PHOTOPOLYMERIZATION

Photopolymerization, a light-induced polymerization process, is
a photochemical reaction process that is used to in situ form solid
structures from liquid photoresin. A series of chemical reactions
in the liquid photoresin, typically comprising photoinitiators,
monomers, or oligomers and photoinhibitors, is initiated by
the energy absorbed from a direct light source and occurs in mil-
liseconds [57]. In other words, when the compound photoresin
is illuminated by the radiation source with appropriate wave-
length, the initiation procedure, followed by the propagation,
immediately starts and ends by the termination and quenching
[58,59]. As shown in Fig. 2(a), in the initiation step, photoini-
tiators, serving as the photoactive substance, are excited electroni-
cally and vibrationally from the ground state S0 to the singlet
excited state S1 by absorbing the energy of one or two photons.
While some photoinitiators remain relaxed to the ground state,
even being excited by emission fluorescence light, others undergo
intersystem crossing (ISC) to a long-living triplet state T 1 and
generate primary radicals R· through α-cleavage efficiently
[60–65]. As shown in Figs. 2(b) and 2(c), the process is inter-
preted intuitively. Here, the luminous yellow points represent
the dissociative radicals activated by the radiation light source.
Subsequently, the active radicals trigger the chain propagation
by attacking existing double bonds and producing new single
bonds for monomer or oligomer molecules. The chain polymer
rapidly increases in weight and changes to a solid state, as shown
in Fig. 2(d) [66]. The growth of the polymer chain is stopped in
the termination and quenching reaction when a propagating
radical or single bond encounters a radical inhibitor (e.g., oxygen)
or when two propagating radicals or single bonds encounter one
another by side reaction [58,60–62]. The photopolymerized vol-
ume, as highlighted by light yellow in Fig. 2(e), is strictly con-
strained as a result of light exposure to the designed area.

The reaction mechanism for photopolymerization indicates
that optical factors including wavelength, power density, and
exposed volume are critical to the final polymerization results

in resolution, solidification rate, and surface roughness. For
single-photon polymerization, either a laser source or light emit-
ting diode (LED) with visible wavelength satisfies the required
power threshold, with the axial resolution largely compromised
by the accumulation effect [67,68]. With a femtosecond ultra-
short pulse laser, two-photon polymerization can reach an ulti-
mate high resolution along both lateral and axial directions due
to a nonlinear absorption cross section [69,70]. The cost of
nanofabrication is presumably higher, but the increase in cost
can be justified by the improved resolution and capability.
The polymerization result is also affected by the type and con-
centration of the photoinitator and photoinhibitor used in the
optical system given its different reaction efficiency and diffusion
velocity [71]. In recent years, photoresins have been extensively

Table 1. Summary of Micro-3D Printing Methods in Terms of Material, Process, Fabrication Rate, and Resolution

Approach
Feedstock
Material Process

Printing Rate
(mm3∕h)

Resolution
(μm)

Potential
Applications References

FFD Polymer filament Heat treatment 2 × 103–5 × 103 200–400 Prototyping, advanced
composite

[28,29]

DIW Liquid with dispersion
of particles

Coagulation, thermal
curing, gluing

2 × 10−3–4 × 103 0.268–610 Biomedicine [32,33,51,52]

DED Metal, alloy Focused ion/electron
beam/arc/laser

7.2 × 10−10–3.6 × 10−5 0.008–40 Aerospace, retrofitting,
biomedicine

[36,37]

LOM Polymer, ceramics,
metal, alloy, paper

Laminating 30 Electronics, smart
structures

[39]

EHDP Metal, alloy Application of voltage 7.2 × 10−6–3.60 × 10−4 0.07–3 Retrofitting,
biomedicine, electronics

[36,40,41]

PBF Fine powder of polymer,
ceramics, metal, alloy

Illumination of focused
laser spot

4.5 × 106 80–250 Biomedicine,
lightweight structures

[34]

P3DP Resin (polymer, hybrid
polymer-ceramic,

functionalized polymer)

Illumination of focused
laser spot or optical

patterns

6.9 × 10−7–5.0 × 106 0.052–200 Prototyping,
biomedicine

[44–48,53,54]

LCVD Gaseous reactants Illumination of focused
laser spot

3.15 × 10−1 40 High purity/quality
crystals

[50]

Fig. 2. (a) Energy-level diagram for photoinitiator molecules for
one-photon and two-photon excitation. hν, photon energy; S0,
ground state; S1, excited singlet state; T 1, triplet state; ISC, intersys-
tem crossing. (b)–(e) Schematic of the reaction mechanism for liquid
photoresin containing monomers/oligomers (black lines), photoinitia-
tors (green annulus) with radicals (yellow circles), and photoinhibitors
(purple dots) (b) before and (c) after initiation, where the red area is
illuminated by the irradiation source, and the blue corona is the emis-
sion fluorescence. Schematic of the sequential reaction mechanism for
(d) chain reaction propagation and (e) termination/quenching
procedure. The shaded yellow area represents the photopolymerized
volume.
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researched in terms of printing resolution, rate, and materials,
leading to direct printing of functional devices [72]. For example,
new water-soluble and visible-light photoinitiators pave the way
for printing low-cost biomaterials. New monomers, oligomers,
and functional materials enable the engineering and optimization
of printed objects in terms of, for example, toughness, flexibility,
and shape memory characteristics [72–75].

3. OPTICAL METHODS FOR 3D PRINTING—
FROM SERIAL SCANNING TO VOLUMETRIC
MANUFACTURING

Photopolymerization enables 3D printing by connecting voxels
via different optical methods. These methods, each demanding
a different optical system, are classified into point-scanning,
layer-scanning, and volumetric manufacturing, depending on
the dimension of printing elements for single exposure, i.e.,
point, plane, or volume. In recent years, innovative optical
methods have been developed to improve the 3D printing per-
formance. In this section, we will review these three optical
micro-3D printing methods and their fundamental principles,
with an emphasis on comparing their respective precision
and speed.

A. Point-Scanning-Based Fabrication
In the point-scanning method, also known as direct laser writ-
ing, a single voxel or multiple discrete voxels are generated with
one exposure to serially construct a 3D object for printing. The
single-photon point-scanning manufacturing technique was
proposed in the early 1990s [76], where the lateral resolution
is diffraction limited and governed by the NA of the objective.
The introduction of ultrafast lasers has rapidly replaced
one-photon-based techniques with two-photon-based point-
scanning manufacturing techniques, as the axial resolution is
substantially improved [44]. When the objective of the
illumination system is fixed, the 3D printing performance, es-
pecially the throughput, is determined mainly by the scanning
method. Figure 3 shows the main scanning setups for point-
scanning 3D printing systems. Figures 3(a) and 3(b) present
systems that print with a single focus and, respectively, use a
3D translational stage and beam deflecting unit [77]. In
Fig. 3(a), the light is focused into the photoresin to generate
a voxel. By moving the XY Z stage, a 3D object is fabricated.
When the light is scanned to an undesired region, it can be
blocked by using a shutter or an intensity modulation device
[44,45,78]. The manufacturing volume is determined by the
travel range of the stage in three dimensions, which allows large
parts (e.g., centimeter scale) to be printed. However, the
throughput is rather low due to the limited speeds of transla-
tional stages. In Fig. 3(b), an optical deflector is employed to
change the incident angle of the collimated beam so that the
position of the focus spot changes in the writing plane, which
accordingly defines a 2D pattern. Galvo-scanners are a typical
component for lateral scanning [79]. Last, 3D printing is
achieved by axial scanning via a translational stage [79], piezo-
electric objective scanner [80], etc. Due to the low inertia of the
optical deflectors, the throughput is much higher than that of
the XY Z -stage-based method. Despite its work volume being
limited by the field of view (FOV) of the objective, this

scanning method is still appealing to meet the demand for high-
resolution micro-3D printing and thus is extensively adopted in
many commercial systems.

The research focus of 3D printing has been on improving
the throughput, and currently, the throughput of point-scan-
ning methods ranges from 10 s to 106 voxels∕s for single-focus
systems [79,81]. One known method is through increasing the
number of the laser foci (N ), in resist. Several optical elements
have been introduced to generate multiple foci, such as aperture
arrays, microlens arrays, diffractive optical elements (DOEs),
and spatial light modulators (SLMs), as shown in Figs. 3(c)–
3(e) [82–86]. The pioneering work on multi-focus 3D printing
was proposed by Satoshi Kawata’s group in 2005 [87], where
the group employed a micro-lens array containing a 41 × 41
lens with a spacing of 250 μm to achieve a throughput of
21 voxels/s. A total of 227 structures were fabricated in parallel
with good intensity uniformity. The lateral and axial scanning
was achieved, respectively, by 2D stepping motions of the
micro-lens array with a resolution of ∼100 nm. While the
micro-lens array generated hundreds of foci, such a system dis-
allowed the use of galvo-scanners for lateral scanning due to the
astigmatism inevitably induced by large-angle beam incidence.
In order to use galvo-scanners, the number of foci needs to be
reduced to avert potential aberration. In another design, multi-
focus high-speed parallel 3D printing based on galvo-scanners
and SLMs has been proposed [88,89]. Initially, the throughput
is improved by a factor of N in comparison with the single-
focus technique. Nevertheless, the improvement is lower than
N times because the split laser beam has reduced power in each
focus below the required level for rapid scanning. As to the two-
photon system, which requires more optical components, the
two-photon absorption efficiency is inevitably reduced due to
dispersion and broadened laser pulse. The setback, however,
can be compensated for by choosing the appropriate foci num-
ber, increasing incident laser power, and inserting group-
velocity dispersion compensation elements.

Recently, Hahn et al. proposed a rapid multi-focus two-
photon printing technique with a throughput up to
107 voxels∕s [90]. Figure 4(a) shows the schematic for the tech-
nique. The group adopted several significant means to achieve
such high throughput. First, instead of a shutter, they employed
an acoustic optical modulator (AOM) for rapid beam power
control with a speed up to 1 MHz. Second, they used a

Fig. 3. Main scanning methods for point-scanning 3D printing
based on (a) XY Z translational stage and (b) optical deflection via
beam delivery components. Main methods to generate multiple foci
for 3D printing based on (c) microlens array; (d) diffractive optical
elements (DOEs); and (e) spatial light modulator (SLM).
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DOE to generate a proper number of foci, i.e., 3 × 3, to ensure
the power of each focus was sufficient for the galvo-scanner. A
pair of prisms and a dispersion compensating telescope were
used to compensate for the dispersion introduced by the optical
components, especially the AOM and DOE, to ensure two-
photon absorption efficiency. As such, a scanning speed of
0.4 m/s was able to be applied to the galvo-scanning system
to achieve high throughput. As shown in Figs. 4(b)–4(d), chiral
[Fig. 4(b)] and achiral [Fig. 4(d)] 3D printed mechanical
metamaterials are demonstrated with 108,000 3D unit cells,
where the printed 3 × 3 array is marked in red [Fig. 4(c)].
The sample containing 3 × 1011 voxels was printed at a speed
of 9 × 107 voxels∕s, which is 100 times faster than the
previously reported single-focus two-photon system [79,91].
This technique is a potentially powerful tool in the field of
metamaterials.

Nonetheless, a multi-focus scanning 3D printing technique
based on DOE is restricted to the fabrication of periodic struc-
tures. Also, with the galvo-scanner, the point-by-point scanning
continues until the entire working space is covered, and a shut-
ter or AOM is also required to switch on/off of the laser to avert
the unwanted voxels [92,93]. In other words, a large amount of
the scanning points are redundant, hence compromising the
manufacturing efficiency. To solve this problem, the holo-
graphic multi-focus 3D printing technique is introduced to
generate multiple foci that can be randomly accessed. The foci
can be controlled individually, and the scanning covers only the
desired dots. This technique allows for the fabrication of com-
plicated aperiodic 3D structures with high efficiency. In 2014,
Vizsnyiczai et al. proposed a holographic multi-focus 3D

two-photon printing method based on real-time calculated
holograms [94], where five laser foci were used to generate
different 3D microstructures in parallel. The positions of the
foci were controlled by the holograms displayed on the SLM.
As such, the foci scanned only the desired position, thereby
improving the scanning efficiency. It should be noted that
the scanning speed is limited by the switch of the hologram,
i.e., the refresh rate of the SLM.

A feasible method to improve the throughput of holographic
3D printing is by increasing the number of foci. Recently,
Manousidaki et al. proposed a 3D holographic focal volume
engineering method for two-photon 3D printing [95]. In this
method, a large number of foci were generated with small
spacing as per the designed geometry to reduce the required
holograms. The group proposed a phase engineering
method to avoid interference between the adjacent foci.
Figures 5(a)–5(c) illustrate the optical schematic for the pro-
posed 3D printing system. By switching the holograms dis-
played on the SLM, the discrete foci bundle, once
generated, moves with micro-displacements serially. Figure 5(d)
shows the printed chiral structures with 20 foci. The three-layer
structure (left) was completed using 51 holograms in approx-
imately 19 s. The six-layer structures (right) were completed
using 102 sequential phase masks in 38 s. In contrast with tra-
ditional single-focus scanning 3D printing methods, this
method enables the fabrication of complete 3D arbitrary struc-
tures with 20 times the throughput.

An effective method to further improve the throughput of
holographic 3D printing is to employ a high-speed spatial light
projection device. With a pattern refresh rate up to 22.7 kHz, a
digital micromirror device (DMD) is well suited for fast light
projection and has been extensively used in the development of

Fig. 4. Rapid multi-focus two-photon printing technique: (a) sche-
matic for the 3D printing system and (b)–(d) scanning electron micro-
graphs of the 3D printed mechanical metamaterial (reprinted from
Wiley-VCH: Advanced Functional Materials [90], copyright 2020).

Fig. 5. Holographic multi-focus 3D printing technique: (a) system
schematic; (b) serial hologram in the printing process; (c) 4−f system
for adjusting the size of the printed parts; and (d) 3D objects printed
by the system (reprinted by permission fromOSA: Optics Letters [95],
copyright 2019).
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biosensors, microscopy, and laser fabrication systems [96–100].
In recent years, DMD’s strength in high throughput has been
substantiated in the context of high-speed random-access scan-
ning [101–103]. In 2019, our group proposed an ultrafast
multi-focus 3D nanofabrication method based on binary
holography and DMD [104]. Figure 6(a) shows the schematic
of the DMD-based multi-focus 3D printing system, where a
grating is used to pre-compensate for the angular dispersion
introduced by the DMD. Multiple foci are generated by the
binary holograms displayed on the DMD. The number of foci
and their positions in the working space can be easily controlled

by the holograms. Figure 6(b) shows the model and scanning
electron microscope (SEM) view of the printing results of the
octet truss by using a single focus via the system, where the
∼60;000 points in the structure necessitate an equal amount
of holograms. The fabrication time is about 30 s at a refresh
rate of 2 kHz, or 2.64 s at 22.7 kHz. Figure 6(c) shows the
woodpile structure fabricated by the proposed system with a
single focus, two foci, and three foci. The total number of
the required hologram is reduced by a factor of the number
of foci to 21,600, 10,800, and 7200, respectively. Meanwhile,
the fabrication time is reduced from 10.8 s to 3.6 s at a refresh
rate of 2 kHz. The DMD-based multi-focus random-access 3D
printing technique accomplishes large-scale nano-prototyping
and the creation of complex structures, overcoming the many
challenges associated with conventional raster-scanning-based
systems, e.g., printing of complex overhanging structures with-
out supporting materials. Notably, compared to mechanical
scanning, the digital scanning methods present better structure
reproducibility.

It should be noted that regardless of the progress, the
throughput of the 3D printing techniques is still constrained.
With the increase in size of the target 3D structure, the fab-
rication time also increases significantly. To further improve
the throughput of the 3D printing technology, researchers steer
their focus towards layer-scanning-based fabrication processes
that define an entire layer of a 3D structure at a time in parallel.

B. Layer-Scanning-Based Fabrication
Layer-scanning-based 3D printing, also known as projection
microstereolithography (PμSL), is developed from an optical
lithography technique. In this method, the 3D slices, decom-
posed from a 3D object, are serially fabricated in a layer-by-
layer fashion axially. This method, first proposed by Bertsch
et al. in 1997 [105], employs a liquid crystal SLM (LC-
SLM) as the mask generator to dynamically generate the slice
pattern of each layer. The advantages of this method lie within
its simplicity and high throughput. First, the 3D parts are fab-
ricated by simply changing the pattern displayed on the SLM;
second, the throughput is much greater than that of the tradi-
tional point-scanning manufacturing means. Nevertheless,
some drawbacks remain. First, the contrast of the projection
pattern is low, and the power needs to be controlled precisely
to avert the polymerization in the “dark” region of the pattern.
Second, the throughput of the printing system is limited by the
refresh rate of the LC-SLM, i.e., ∼60 Hz. As discussed previ-
ously, DMDs have been frequently used to overcome the speed
limitation of LC-SLMs. For example, Sun et al. proposed a
high-speed PμSL by using the DMD as the dynamic mask gen-
erator in 2005 [106]. Due to its good performance, PμSL has
been extensively applied in the field of bioengineering [107],
metamaterial [25], optics [108], and so on. Although the
layer-scanning fabrication method is simple and fast, it has
some inherent drawbacks. One is that the maximum through-
put of the system is limited by the projection speed, which is
determined by the refresh rate of the device, e.g., up to
22.7 kHz for DMD. Another one is that the total voxels in
a printed layer are limited by the pixels of the mask.
Therefore, certain breakthroughs need to be made to further

Fig. 6. DMD-based multi-focus 3D printing technique: (a) sche-
matic for DMD 3D printing system; (b) model and SEM images
of printed results of octet truss realized by single-focus two-photon
polymerization; and (c) comparison of fabrication results of woodpile
structures with single focus, two foci, and three foci (reprinted from
Springer Nature: Nature Communications [104], copyright 2019).
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improve the throughput, resolution, and diversification of the
printing materials.

Nowadays, numerous materials can be used for 3D printing
via photopolymerization. 3D objects can be fabricated with hy-
brid materials by doping different materials into the photore-
sist, such as metals [109], carbon nanotubes [110], ceramics
[111], shape memory polymers [112], hydrogels [113], or
composite materials [114]. However, the change of material
can lead to process interruption and lengthened processing
time, causing structure deformation. Recently, Han et al. pro-
posed a rapid multi-material projection microstereolithography
(MM-PμSL) by employing dynamic fluidic control of multiple
liquid photopolymers within an integrated fluidic cell [115].
Figure 7(a) shows the schematic of the MM-PμSL system
and its overall process. In their approach, the LC-SLMwas used
as the dynamic mask for slice projection. The dynamic fluidic
cell enabled the exchange of multiple liquid photopolymers
within a few seconds. The 3D structure was thus printed with
hybrid material and with high throughput. Figures 7(b)–7(d)
demonstrate three different printed structures with hybrid ma-
terials: a Taiji symbol patterned with different materials, a bi-
layer micro-capillary structure with different fluorescent
substances, and a 3D helix composed of different metals, re-
spectively. These results indicate that the MM-PμSL technique
is suitable for fabricating 3D objects with highly complex struc-
tures and multiple materials, which are hardly attainable with
other techniques. The prospect for a broader application of this
technology is promising, particularly in fields such as bioengin-
eering, functional metamaterials, and micro-robotics.

In principle, it is challenging to accelerate the printing speed
of PμSL to the refresh rate of the dynamic mask, because the
exposure, resin renewal, and part movement must be con-
ducted in separate and discrete steps during the fabrication
of each layer. In 2015, Tumbleston et al. proposed a layer-
scanning-based manufacturing method, known as continuous
liquid interface production (CLIP), which brought the printing
speed close to the refresh rate [68]. The group used the oxygen
inhibition to create a reaction “dead zone,” or a thin uncured
liquid layer, which averted the adhesion between the projection
window and the cured part surface. With this method, the
printing speed has reached hundreds of millimeters per hour.
However, at such a high printing speed, the heat generated by
the photopolymerization reaction cannot dissipate timely
enough to avoid potential structure deformation. Such a prob-
lem could even deteriorate due to the thermal insulation prop-
erty in the dead zone. Recently, Walker et al. proposed a
high-area rapid printing (HARP) technique based on the
mobile–liquid interface, which allowed continuous printing
over large areas [116]. Figure 8(a) illustrates the configuration
of the HARP system. A fluorinated oil is used between the pro-
jection window and the printed part to reduce the adhesive
force in between. The oil is kept at a constant motion speed to
further decrease the adhesive force while generating a solid–
liquid slip boundary to help dissipate the reaction heat.
Figures 8(b) and 8(c) present the velocity profiles and slip
boundary flow profiles under the printed part, respectively.
A hard-polyurethane acrylate lattice is printed at a size of
30 cm × 30 cm × 30 cm and a resolution of 100 μm in
3 h. The continuous vertical printing speed is 430 mm/h,
and the volumetric throughput reaches 100 liters per hour.
Potential fields of applications of such continuous printing
methods include large-scale prototyping, biocompatible and
biodegradable micro-scaffolds, etc., which is useful for both sci-
entific and industrial applications.

The achievable minimum feature size is another area for im-
provement in the layer-scanning-based additive manufacturing

Fig. 7. (a) Schematics of the multi-material projection micro-
stereolithography system and its overall process; (b) Taiji symbol pat-
terned cylinder made of two different materials; (c) multi-material
bilayer micro-capillary structure with fluorescent substances; and
(d) 3D helix composed of three different parts: particle-free center pil-
lar, two helix arms loaded with copper, and alumina nano-particles
(reprinted by permission from Elsevier B.V.: Additive Manufacturing
[115], copyright 2019).

Fig. 8. (a) Schematic for the high-area rapid printing based on
mobile–liquid interface; (b) velocity profiles under the printed part
at different flow speeds; (c) inset of the slip boundary flow profile
under the part; and (d) a ∼1.2-m hard polyurethane acrylate lattice
(reprinted by permission from AAAS: Science [116], copyright 2019).
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processes, where two-photon polymerization may be a good
candidate to reduce the feature size and offset the diffraction
limit. To implement two-photon polymerization in a layer-
scanning fashion, one cannot directly apply an ultrafast laser
to a PμSL system, as it leads to poor axial resolution. In
2005, simultaneous spatial and temporal focusing of femtosec-
ond laser pulses was proposed [117,118], where the laser pulses
are first spatially expended by a grating positioned at a focal
plane of a 4–f system and refocused at the corresponding con-
jugate plane. The spatial and temporal refocusing occurs only at
the conjugate plane, where the dispersed laser spectra are re-
combined and form a planar light sheet with a thickness of
a few micrometers to support two-photon excitation/absorp-
tion. With its inherent diffraction property and capability to
be rapidly programed, the DMD has been implemented in
temporal focusing systems to realize 3D microscopy and laser
fabrication applications [119–122]. Recently, our group dem-
onstrated a femtosecond projection two-photon lithography
(FP-TPL) technique to achieve scalable sub-micrometer 3D
printing based on temporal focusing [123,124], where the
DMD simultaneously functions as a blazed grating and pro-
grammable mask. Figures 9(a)–9(c) illustrate the formation
of programmed femtosecond light sheets and the layer-
scanning concept achieved by the FP-TPL, where a layer of
the to-be-printed 3D part is generated by programming the
designed patterns to the DMD. Figure 9(d) shows various
3D structures printed by the FP-TPL system with the
best reported throughput (10–100 mm3∕h), resolution
(140/175 nm in the lateral/axial directions), and flexibility.
The results indicate that sub-micrometer 3D printing technol-
ogy is well suited for broad applications in fields such as
bioengineering, optics, and healthcare.

As layer-scanning manufacturing systems have optical setups
similar to that of a microscope, many emerging imaging meth-
ods are readily implementable in the 3D printing system, for
example, a 3D printing system inspired by light sheet micros-
copy [54]. It should be noted that, as all of the layer-scanning
and point-scanning manufacturing methods involve stacking
the printed layers and voxels to generate a 3D part, this
may weaken the mechanical properties of the printed 3D parts
along the stacking/printing direction. As such, volumetric
manufacturing methods that enable the direct formation of
3D parts in one piece become increasingly appealing.

C. Volumetric Fabrication
Different from the point-scanning and layer-scanning methods,
volumetric fabrication means controlling the exposure dose or
intensity of every voxel in the whole 3D working space. The
3D object is formed when the intensity or dose at the desired
positions exceeds the polymerization threshold. The volumetric
fabrication method was first proposed and experimentally dem-
onstrated by Shusteff in 2017 [125]. His group utilized the
holographic patterns of light fields to control the intensity
in a 3D working space. The laser power was carefully controlled
to cure the resin at the desired position with high intensity, thus
achieving one-step volumetric additive manufacturing.
Figure 10(a) shows the optical configuration of the printing
system. The phase-only LC-SLM is used to generate the holo-
graphic patterns in x, y, z directions. By using two 45° prisms,

the folded side and bottom beams will meet the central beam in
the working space. The intersecting region between the beams
will be solidified and a 3D part is formed. The optical attenu-
ation in the resin is also considered to prevent the deformation
caused by uneven illumination. Figures 10(b)–10(g) show vari-
ous aperiodic structures that demonstrate the performance of
the printing system. These structures are printed with a single
exposure in 5–10 s duration, demonstrating the high through-
put characteristic of this technique. While the resolution and
size of the fabricated structures are at mesoscale, micro-3D
printing can be achieved with the use of a beam delivery system
of higher magnification.

Another 3D printing technique successfully derived from
advanced microscopy is the volumetric additive manufacturing
based on tomographic reconstruction, i.e., computed axial
lithography (CAL) [126]. As per the concept of computed
tomography [127], the exposure dose of a 3D structure is con-
trolled by illuminating the resin at a constant rotation speed

Fig. 9. (a) 3D printing using a layer-by-layer projection of digital
masks; (b) optical configuration of the FP-TPL system; (c) zoomed-in
schematic of temporal focusing in the focal volume of the objective
lens; and (d) structures printed by the FP-TPL system (reprinted
by permission from AAAS: Science [123], copyright 2019).
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with a dynamic light pattern calculated based on the 3D
structure. Figures 11(a) and 11(b) show the CAL printing
mechanism and system configuration, respectively. Based on
the target 3D structure, 2D images are calculated as a function
of the rotation angle and serially projected to the rotating resin.
To reduce light refraction, the cylindrical resin vat is immersed
into the refractive index matching liquid. Figure 11(c) shows a
variety of 3D structures fabricated via the CAL system with
different materials, which proves the system’s fabrication
capability for complex and support-free structures and soft ma-
terials while obtaining superb surface smoothness. The fabrica-
tion time required for these centimeter-scale structures ranges
from 30 to 120 s, which attests to the CAL system’s high
throughput.

In computed tomography, the resolution of the CAL printing
system remains limited at 300 μm by the étendue of the light
source in the projection process, which is unavoidable and may
cause distortion to the printed object. Loterie et al. recently pro-
posed a tomographic printing system with higher feature reso-
lution by using a low-étendue illumination system [128]. His
group employed an integrated closed-loop feedback system to
precisely control the photopolymerization kinetics of the resin
in the whole working space to improve the fidelity of the target
3D part. They established a feedback algorithm that considers
the influence of light étendue, the viscosity and reactivity of
the resin, and the tomographic dose for reconstruction to achieve
high resolution and fidelity. Figure 12(a) shows the tomographic
3D fabrication system with feedback achieved by a camera ob-
servation system with its light path perpendicular to the printing
illumination. In their approach, the camera recorded the images

of the build volume in synchronization with the rotation. The
images were then sent to the feedback algorithm, and the
projection patterns were adjusted accordingly to control the ex-
posure dose. The model in Fig. 12(b) shows that once the feed-
back is introduced, 3D structures of centimeter scale can be
produced in less than 30 s, while obtaining 80 μm positive
and 500 μm negative feature sizes. Figure 12(c) shows a com-
parison between the tomographic 3D printed artery with and
without feedback; the results show that the feedback system
is conducive to improved printing fidelity.

In comparison with the point-scanning and layer-scanning
methods, the volumetric fabrication method performs well in
throughput, fidelity, and surface smoothness, despite limited
resolution caused by the integration effect. Nevertheless, this
approach leads to a new path for ultrafast production of precise
structures at mesoscale, e.g., the applications on functional tis-
sue or organ modeling in the bioengineering field.

Each 3D manufacturing method has its strengths and lim-
itations, subject to users’ requirements for throughput, resolu-
tion, surface smoothness, repeatability, etc. Here, we provide an
overview of these key figures of merit (FOMs), i.e., throughput
and resolution, as shown in Fig. 13. The labels of the data
point refer to the serial numbers of the corresponding referen-
ces [68,69,79,87–90,94,104,116,122,123,125,126,128–133].
For the purpose of comparing the throughput of these meth-
ods, the volumetric processing rates are calculated under the
condition in which an all-solid cuboid of the same size is fab-
ricated. It should be noted that random-access point-scanning
manufacturing, shown as enlarged green stars in Fig. 13, enjoys
some advantages over other point-scanning manufacturing
techniques. For example, the fabrication time can be signifi-
cantly shortened when the to-be-printed structure has a low

Fig. 10. (a) Optical configuration of the holographic volumetric
3D fabrication system; (b)–(g) structures fabricated with a single ex-
posure (reprinted from AAAS: Science Advances [125], copyright
2017).

Fig. 11. (a) Printing mechanism of the computed axial lithography;
(b) configuration of the computed axial lithography; and (c) various
3D structures printed with different materials (reprinted by permission
from AAAS: Science [126], copyright 2019).
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fill factor, e.g., mechanical metamaterial structures, as time is
spent on solidifying only the desired voxels.

4. CRITICAL TOPICS OF INTEREST FOR
ADVANCED MICRO-3D PRINTING TECHNIQUES

The FOMs of micro-3D printing technology include resolu-
tion, throughput, etc. In principle, the resolution is determined
by the NA of the illumination system, and the throughput is
determined by the scanning speed and solidification time of the
photoresin. In the past few decades, researchers have strived to
improve these FOMs, seeking solutions to two specific issues:
first, breaking the diffraction limit on printing small features,
and second, eliminating the stitching errors associated with
large parts. In this section, we will address these determining
issues that affect the FOMs of 3D printing techniques.

A. Breaking the Diffraction Limit on Printing Small
Features
In the recent development of additive-manufacturing, the fab-
rication of objects with feature sizes at sub-micrometer scale is
critical and extensively investigated. As of today, numerous
methods have been proposed. Notable methods include precise
power control, two-photon polymerization, and STED-lithog-
raphy [45,53,56,122]; Figs. 14(a)–14(c) show the mechanisms
for printing objects with sub-diffraction limit feature size with a

focused light spot in the photoresist using the same optical sys-
tem. For power control, as the polymer solidification threshold
is constant, the feature size of the cured polymer reduces with
the decrease in the precisely controlled power [53,122,134].
Although this method effectively trades fabrication rate for res-
olution, it can be challenging to maintain the uniformity for
features smaller than 100 nm in size. As to two-photon polym-
erization, the exposure dose of the spot is proportional to the
square of the intensity. Hence, the feature size is approximately
halved compared to linear absorption and a fixed exposure time
[3,8,13,44,45,135,136]. STED-lithography has been widely
investigated in recent years [53,56,137–139]. As shown in
Fig. 14(c), STED-lithography employs one laser to excite pho-

Fig. 12. (a) Configuration of tomographic 3D fabrication system
with feedback; (b) étendue-limited optical resolution; and (c) compari-
son between the tomographic 3D printed artery with and without
feedback (reprinted from Springer Nature: Nature Communications
[128], copyright 2020).

Fig. 13. Summary of different 3D printing techniques plotted ver-
sus the resolution (lower logarithmic horizontal scale) and throughput,
evaluated with volumetric processing rate (left logarithmic vertical
scale): volumetric fabrication (black squares); layer-scanning-based
manufacturing (red spheres); single-focus point-scanning fabrication
(blue hexagons); multi-focus point-scanning fabrication (green stars);
and multi-focus random-access fabrication (enlarged green stars). The
labels of the data point refer to the serial numbers of corresponding
references. For multi-focus fabrication, the number of foci used is re-
ported next to the reference number after the hyphen.

Fig. 14. Illustration of different methods for printing objects with
super-resolution feature sizes: (a) precise power control; (b) two-
photon polymerization; and (c) STED-lithography: intensity profiles
of the polymerization light (black) and depletion light (blue), and
exposure-dose profile (red). Definition of resolution by (d) Sparrow
limit and (e) Rayleigh limit.
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toinitiators for polymerization, and another laser donut spot to
locally inhibit the polymerization around the outer rim of the
first laser spot [140]. These methods prove to be simple, flex-
ible, and effective for fabricating sparse nanowires. Although
STED-lithography calls for more complex and expensive opti-
cal systems, it does not compromise the throughput.

It is worth to note that while a smaller feature size is
achieved, higher resolution is not always guaranteed. As defined
by Abbe, the lateral resolution is the smallest period of a grating
that can be distinguished by a microscope with a finite aperture.
In other words, to retain the information of the grating period,
at least the zeroth- and first-order diffractions need to be col-
lected by the aperture of the objective lens [139]. Figures 14(d)
and 14(e) show the resolutions defined by Sparrow and
Rayleigh criteria, respectively. The diffraction limit is deter-
mined once the optical system is fixed. However, one must note
that while the resolution of an image is limited by diffraction,
the minimum feature size of an object can break the diffraction
limit by precise power control. In other words, the resolution of
a point-scanning-based 3D printing system can be improved
beyond the diffraction limit by the aforementioned methods
as long as the corresponding beam steering device has sufficient
scanning resolution. As to projection-based 3D printing sys-
tems, the pattern density is constrained by the diffraction limit;
yet the minimum feature size can still be engineered to achieve
super-resolution. In general, the typical resolution obtained via
STED and two-photon polymerization is about 100 nm
[45,138]. By adopting the abovementioned methods in one
system, it is feasible to achieve a smaller feature size and higher
resolution simultaneously [141]. Gan et al. has presented a 3D
optical beam lithography system achieving a 9 nm feature size
and 52 nm resolution in a custom-developed photoresin. This
method shows that a properly designed P3DP system can
achieve a resolution fully comparable to that of electron beam
lithography [53]. In addition to optical methods, the resolution
and feature size are subject to an improvement in the
photonresin, particularly in the case of two-photon and
STED-lithography [142,143]. Hence, a further enhanced
P3DP system is expectedly an area for further investigation
by both the optical and material communities.

B. Achieving Large-Scale Micro-Additive
Manufacturing
Another critical subject matter is undoubtedly large-scale
micro-additive manufacturing, i.e., fabrication methods for
3D structures of centimeter scale and micro/nanoscale resolu-
tion. In principle, the fabrication of mesoscale 3D parts via
photopolymerization can be achieved by volumetric, mechani-
cal point-scanning, and hybrid scanning manufacturing, but
each has its challenges apropos of large-scale manufacturing.
The volumetric manufacturing approach bears the issue of
low resolution. On the other hand, the mechanical point-
scanning method is not only time consuming, but also suffers
from deformation when scanning continuously at high speed.
The hybrid scanning manufacturing, e.g., a combination of an
XY Z stage and galvo-scanners, which combines the strengths
of optical scanning in precision and speed and that of mechani-
cal scanning at large-motion scale, is seemingly ideal for large-
scale high throughput micro-3D printing. Nevertheless,

stitching errors may still exist between the 3D elements, and
that can potentially weaken the entire structure and compro-
mise the expected mechanical or optical properties. In the fol-
lowing section, we will address the leading causes of and
solutions to stitching errors.

First, when two scanning methods are employed simultane-
ously, stitching errors can occur when their respective coordi-
nates misalign, as each one of them has three degrees of
freedom. As the errors continue to accumulate, stitches emerge
between the adjacent 3D parts. A potential solution is via real-
time position correction. However, it is hardly attainable in
practice because errors of such small scale require a stage with
extremely high precision [144]. To overcome the barrier,
Jonušauskas et al. proposed a mesoscale sub-micrometer 3D
printing technique using continuous scanning via the synchro-
nization of the galvo-scanners and linear stage [145]. With a
complex synchronization algorithm, the linear motion is as-
signed to the optical and mechanical scanning. The stitching
errors are then cleverly apportioned to the whole structure.
Figure 15(a) compares the printed mesoscale structures via dif-
ferent scanning methods. The results indicate that the synchro-
nization of the linear stage and galvanometric scanners attains a
stitch-free, large-scale, and distortionless structure with high
throughput. Figure 15(b) shows various mesoscale structures
with sub-micrometer resolution fabricated via this system,
where a voxel volume of 0.17 μm3 and throughput of
32,609 voxels/s have been demonstrated.

Second, the stitches occur when the photoresist shrinks, and
the shrinkage leads to the deformation of the 3D parts. With
the structure fixed to the substrate, the deformation worsens at
locations that are farther from the substrate, as illustrated in
Fig. 15(c) [146]. Moreover, the proximity of the two 3D parts
is another cause for stitches [147]. The reason is that when
stitching two 3D parts, the laser spot is modulated by the cured
part, and the printing of the second 3D part is affected as a
result, as shown in Fig. 15(c). By optimizing printing strategies,
these two setbacks can be resolved [146]. When printing a
large-scale object, a better strategy is to fabricate and stitch
the printing elements in the horizontal, rather than vertical,
direction to circumvent the issue of deformation. It should
be noted that the stitching parameters can also be optimized
with an ideal diffusion rate and concentration of the photore-
sin, thereby avoiding the impact of the memory effect of the
stitching area on the results [147].

In addition to the aforementioned techniques, we propose
two feasible methods for stitch-free, large-scale 3D printing
with sub-micrometer resolution. The first approach is to con-
trol the dose or structure of the laser spots by light field modu-
lation, e.g., Gerchberg–Saxton algorithm [104,148–151]. The
optimization parameters may vary in accordance with the geo-
metric structure of the printed part at the stitching area. The
second approach is to correct the scanning errors by introduc-
ing a real-time feedback system, where a masked substrate is
combined with the image identification technique, to achieve
automated highly precise stitching [152,153]. It should be
noted that these two methods highly demand the operation
speed of the algorithm and efficiency of the control system,
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and may affect the scanning speed. More studies are still needed
to explore the benefits of these techniques.

5. CONCLUSION AND OUTLOOK

This paper presents an up-to-date review over emerging micro-
3D printing technologies achieved by different optical methods
to readers in the optical community. The rapid development of
micro-3D printing technologies has revolutionized the manu-
facturing of micro- to mesoscale products and devices, where
P3DP has become one of the most important and fast-
developing approaches to micro-3D printing due to its demon-
strated advantages in performance and cost effectiveness. In the
review, we have systematically examined the performance of
different optical-based printing systems, from serial scanning
and layer scanning to volumetric manufacturing, with an em-
phasis on the throughput and resolution. We have also dis-
cussed specific challenges in the fabrication of structures
with sub-diffraction limit features and in the sub-micrometer
manufacturing of large-scale parts. The P3DP technologies
may continue to evolve and refine to address the aforemen-

tioned challenges via the following means. First, the adaptation
of advanced microscopy methods to 3D printing systems,
which has been proved to be effective. For example, methods
in fluorescent microscopy (e.g., STED, light sheet imaging,
random-access scanning) and computerized tomography have
been successfully implemented in various 3D printing systems.
Second, the development of new printable materials, which
helps improve the efficiency of photoresist and quality of
the printed structures. In addition, the development of func-
tional photoresins may enable functional devices to be printed
directly, e.g., piezoelectric sensor arrays. Finally, new and inno-
vative methods in the optical fields, which are the main driver
of scientific development. We foresee many of the emerging
P3DP technologies discussed in this paper to be adopted
and scaled up for practical applications and to impact the en-
gineering industry in the near future.
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