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REVIEW ARTICLE

Advances in precision microfabrication through digital light processing: system
development, material and applications
Xinhui Wanga, Jinghang Liub, Yang Zhangc, Per Magnus Kristiansena,d, Aminul Islamc, Michael Gilchrista and
Nan Zhanga

aCentre of Micro/Nano Manufacturing Technology (MNMT-Dublin), School of Mechanical & Materials Engineering, University College Dublin,
Dublin, Ireland; bSchool of Mechanical Engineering, Technological University Dublin, Dublin, Ireland; cDepartment of Civil and Mechanical
Engineering, Technical university of Denmark, Kgs. Lyngby, Denmark; dSchool of Engineering, Institute of Polymer Nanotechnology (INKA),
FHNW University of Applied Sciences and Arts Northwestern Switzerland Windisch, Switzerland

ABSTRACT
Digital Light Processing (DLP) is an advanced additive manufacturing technology which has
garnered substantial recognition and has been extensively applications in various fields. This
review focuses on the precision microfabrication process of DLP, providing an overview of the
DLP 3D printing system, including the digital light engine, project lenses, motorised stage and
resin vat for micro-structure fabrication. Additionally, this review paper comprehensively
analyses commercially available DLP printers, covering resolution, cost and a detailed discussion
on the importance of photopolymer resins, emphasising the monomer, photo-initiator, photo-
absorber, etc. Based on the photopolymerisation theory, the DLP high-precision printing
process is analysed, which is critical for producing complex microstructures. It also briefly
discusses the application of DLP microfabrication including microfluidic chip printing. Finally,
this paper summarises the advanced trends and challenges of DLP printing in high-precision,
large-area, multi-material and high-speed printing; and it provides an in-depth understanding of
DLP technology, highlighting its potential for various applications and addressing challenges
that need to be overcome in future research.
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1. Introduction

Additive manufacturing (AM), narrowly speaking as 3D
printing, is a rapidly emerging technology for construct-
ing sophisticated geometric features and structures by
depositing or photocuring materials. Precision fabrication
of three-dimensional structures with high integrity and
fidelity is achieved through 3D printing. This computer-
controlled AM technique eliminates the need for
moulds, as commonly used in traditional subtractiveman-
ufacturing and forming methods. This technique involves
the layer-by-layer addition of materials guided by compu-
ter-aided design (CAD), resulting in a highly accurate and
robust end product. Various 3D printing methods have
emerged and become available with AM technology
and material development. Figure 1 shows several
widely adopted 3D printing technologies, including
fused deposition modelling (FDM), direct ink writing
(DIW), inkjet printing (Ink-jet), two-photon polymerisation
(TPP) and vat photopolymerisation, such as DLP and
stereolithography (SLA). Among these techniques, only

a few 3D printing techniques utilise localised photopoly-
merisation to achieve high-resolution microfabrication of
3D structures. These technologies include SLA, DLP and
TPP. SLA selectively polymerises a liquid polymer resin
with a rastering laser layer-by-layer manner to cause loca-
lised polymerisation and solidification until a solid 3D
object is produced [1]. Its printing resolution is approxi-
mately 100 µm [2]. DLP has its roots in SLA and
employs a process of localised photo-curing, which
involves projecting 2D patterns onto the surface of a
liquid polymer resin, achieving single-micron resolution
with a centimetre-level printing area, using Digital
Micro-mirror Devices (DMD) and high-precision displace-
ment stages. TPP achieves the highest spatial resolution
(down to 100 nm) in the AM field by utilising an ultrafast
pulsed laser to generate a high flux of photons within a
small temporal and spatial window.

Localised photopolymerisation technology has
become more widespread during the past decade, with
printing resolution being a critical quality indicator of
3D printing. Compared to extrusion-based and inkjet-
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based 3D printing technologies, DLP offers significant
advantages in high printing resolution, with resolutions
as low as a single micrometre, and mild working con-
ditions. Notably, SLA is the photocuring 3D printing tech-
nique that can print large structures [3]. However,
compared with DLP and TPP, SLA has a low print resol-
ution [4], which is currently used to print large structures
with a precision of around 100 µm. As the highest pre-
cision photocuring 3D printing technology available,
TPP can print below 200 nm or close to the diffraction
limit [5]. However, the print speed of TPP is slow, with a
printing rate of 1–20 cubic millimetres per hour, and is
typically used to make millimetre-scale objects [6]. Com-
pared to SLA and TPP, DLP technology excels in print res-
olution, width and speed. DLP achieves a remarkable
single-micron resolution and larger and more complex
designs with its centimetre-scale print width of 70–100
mm/h print speeds, ensuring efficient production.

This review paper highlights high-precision microfabri-
cation using DLP. First, the history of DLP over the past 30
years is outlined, followed by a summary of hardware
system component development and an explanation of
how sub-hardware systems affect the final printing accu-
racy of DLP. The review comprehensively elucidates the
working principle and corresponding mathematical
model based on the photopolymer resin of DLP. Based

on printing resolution, this review systematically summar-
ises some prominent companies currently on the market
with their corresponding classic commercial DLP 3D prin-
ters. Next, the common photopolymer resin compositions
currently on the market (monomer, photo-initiator,
photo-absorber, etc.) are summarised. The impact of dis-
tinct process parameters and material ratios on themech-
anical characteristics of the printed structure is analysed
and elucidated. The review then proposes applications
that rely on DLP technology precision microfabrication.
Furthermore, based on high precision, large area, multi-
materials and high-speed printing, some perspectives of
DLP towards high-precision microfabrication are pro-
vided. Finally, the article concludes and proposes some
viewpoints and challenges regarding the directions of
DLP for precision microfabrication.

2 Historical evolutions of DLP

In the 1960s, with the rapid development of the ‘Inte-
grated Circuit’ (IC) industry, mask lithography technol-
ogy was used widely to create two-dimensional
objects [4]. In 1986, Charles Hull [7] acquired a patent
based on aggregating a series of individual cross-
section images to fabricate 3D structures using a compu-
ter-controlled light beam, and he founded his own 3D

Figure 1. Conventional AM printing techniques.
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printing company called ‘3D Systems’. The same year,
Larry Hornbeck of Texas Instruments (TI) patented DLP
technology, which first comprehensively describes the
DMD chip [8]. The late 1980s and early 1990s were
dynamic times when significant steps were made in
commercialising DLP technology by big companies
such as 3D Systems, Quadrax, Mitsubishi Heavy Indus-
tries, DuPont, etc. In 1997, Bertsch et al. first proposed
layer-by-layer printing using liquid crystal display tech-
nology (LCD) to generate dynamic layer patterns [9].
However, the low-resolution contrast ratio makes DMD
more suitable for DLP than LCD. Therefore, in 1998, Laur-
ence et al. attempted to use DMD to replace the LCD for
the DLP printing system [10]. Figure 2 outlines the his-
torical development of DLP technology.

During the twenty-first century, the development of
DLP technology has continued apace. A fundamental
challenge is how to achieve multiple materials. In
2001, Maruo et al. [11] first proposed manually replacing
the resin tank to realise multi-materials printing. This
unprecedented attempt to open a new area attracted
numerous scientists to multi-material printing. In 2003,
Hadipoespito et al. [12] successfully developed a high-
resolution DLP printing system (up to 13.7 µm). In
2004, Wicker et al. [13] designed a multiple-vat carousel
system based on a commercial 3D printer (3D systems
250/50SL) to achieve multi-materials printing. To
improve printing resolution, in 2005, Sun et al. [14]
used the DMD as the dynamic mask to design the
early-version projection micro stereolithography (PµSL)
system with 0.6 µm resolution. In 2006, Asim and
Wicker [13], inspired by the extrusion-based 3D printing
system, modified the rotating vat and added a multi-
pump filling/levelling system to get a newmulti-material
system. In 2009, Jae and Wicker [15] proposed a novel
printing system capable of producing complex struc-
tures with multiple materials, which includes a syringe
pump subsystem to control material dispensing into
the build vat. In 2011, Jae and Wicker [16] introduced
a rotating vat carousel system for 3D printing. To opti-
mise printing efficiency, they developed a custom
LabVIEW control system that automated the entire
process. As technology patents expired around 2010,
many low-cost DLP printers entered the market. With
the popularisation of funding platforms like Kickstarter,
some companies like B9 Creator (2012) received
funding and produced affordable devices priced under
3000 USD based on DLP technology [17].In 2013, Zhou
et al. [18] added polydimethylsiloxane (PDMS) film to
the bottom glass to reduce the adhesive interaction
force, improving printing accuracy and efficiency. At
the same time, Qi et al. [19] proposed 4D printing
based on DLP. They used the glassy shape memory

polymer fibres to print sophisticated structures and
spatially varying curvature. When the temperature
changes, the shapes of 3D structures will correspond-
ingly. In 2014, Zheng et al. [20] achieved a structural
feature size of 10 µm in the production of metamaterial
lattice structures. In 2015, a novel approach was intro-
duced by Tumbleston et al. [21], which involved using
an ‘oxygen-containing dead zone’ to ensure that
uncured prepolymer is constantly available at the fabri-
cation window and the printed part. This technique rep-
resented a significant advancement in the field, as it
allowed for faster printing of complex geometries CLIP
technology has a printing speed that exceeds 300
mm/hour, allowing parts to be produced in minutes
rather than hours. In the z-direction, the printing speed
can reach up to 1000 mm/h [22].

Researchers have been striving to improve printing
speed, increase print area, and enhance surface quality
in AM in recent years. However, traditional layer-by-
layer printing regimes in DLP have limited the printing
modalities. In 2017, Shusteff et al. [23] introduced a
novel approach to holographic printing, allowing for
the production of complex 3D structures. The method
used three orthogonally directed light beams intersect-
ing and superimposed to offset the limited axial resol-
ution from other beam directions. Despite the progress
in printing efficiency, material contamination during
multi-material printing processes remains a significant
challenge in DLP technology. Kowsari et al. [24] pro-
posed an innovative method for removing residual
liquid resin from cured 3D substrates using an air jet
58% faster than existing methods. Meanwhile, Amir
et al. [25] demonstrated the possibility of multi-materials
with microfluidic chip technology by printing a rat vas-
culature network. In 2019, Hayden Taylor’s group intro-
duced computed axial lithography (CAL), a volumetric
AM method that generates various geometrical
exposures from multiple angles, achieving volumetric
photopolymerisation [26]. Furthermore, CAL was utilised
to print trabecular bone models, highlighting the ability
of 3D bioprinting by CAL [27]. Walker et al. [28] proposed
a new 3D printing method called high-area rapid print-
ing (HARP), which utilises a mobile liquid interface to
minimise adhesive forces between the interface and
the printed object, thus allowing for high-speed print-
ing. In 2022, Kang et al. [29] designed a digital photo-
lithography system with a 180 nm feature size based
on a DMD and a 1:200 scale projection objective. As
DLP technology continues to be utilised in diverse
fields, many advancements have been made, showcas-
ing its potential for high precision and fast printing pro-
cesses. Moving forward, the focus is shifting from high
precision to achieving fast multi-material printing
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capabilities, thereby expanding the possibilities of DLP
technology.

3 The DLP technology

3.1 Principle of DLP printing

DLP technology utilises a layer-by-layer process to fabri-
cate intricate 3D structures. To create 3D models,
specialised 3D modelling software is employed, which
generates STL files that are subsequently sent to the
slicing software. As shown in Figure 3(a), dynamic
bitmap images are generated by the DMD chip and pro-
jected onto photosensitive resins using UV light. The
photosensitive resin of the resin vat takes the shape of
each layer’s mask pattern through a projection lens
optical system, and the UV light triggers photopolymer-
isation, converting the liquid-state polymer into a solid-
state. The printing build platform moves in the Z-axis
direction driven by the motorised stage after each
layer’s photopolymerisation is complete. New images
induce further photopolymerisation until the 3D struc-
ture is fully printed (Figure 3b). Figures 3(c) and (d) illus-
trate the micro coil array and micro matrix structure
employed in the DLP technique.

DLP typically uses two main geometric configur-
ations: ‘Top-Down’ (Figure 4a) and ‘Bottom-Up’ (Figure
4b). In the ‘Top-Down’ projection, solidification occurs
at the bottom of the vat, while in the ‘Bottom-Up’ projec-
tion, it occurs at the air-liquid interface. The ‘Top-Down’
configuration can mitigate the effects of gravity on the
cured structures but may cause convex undulations
due to surface tension. The recoating blade is crucial

for uniform resin distribution, especially for large cross-
section layers (Figure 4c), but may decrease cell biologi-
cal activity, making it unsuitable for 3D bioprinting [32–
34]. Additionally, the ‘Top-Down’ approach results in a
smoother surface of the cured structure (Figure 4d),
but the fracture path is more random and can cross
over from one layer to the following (Figure 4e). Com-
pared to the Top-Down, the ‘Bottom-Up’ approach
offers a more compact system but presents challenges
in separating the photopolymerised structures from
the substrate. Researchers typically use a vat-tilting
mechanism or oxygen-permeable membranes to
reduce the separation force. The vat is commonly
coated with PDMS or Polytetrafluoroethylene (PTFE) to
enhance release properties (Figure 4f) [35]. With the
‘Bottom-Up’ approach, slices that makeup objects are
well-defined, resulting in a staircase-like effect (Figure
4g). The fracture path is relatively flat and mainly
occurs at the interface between adjacent slices (Figure
4h).

For high-precision 3D printing, post-processing is
crucial for enhancing mechanical strength, such as
Young’s modulus and ultimate tensile strength (UTS)
[36]. Agitation and ultrasound are two ordinary
methods for cleaning uncured photopolymer [37].
Residual resin on the cured surface can result in
defects that affect the cured structures’ stability,
surface integrity and functionality. Therefore, com-
pressed air is used to dry the cured structures to elimin-
ate any remaining solvents or uncured photopolymers.
However, it should be noted that if the cured part is
post-cured for an extended period, some mechanical
properties like UTS will decrease, resulting in the cured

Figure 2. Historical evolution of DLP technology.
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Figure 3. (a) Schematic representation of a DLP printing system. Reproduced from [30], reproduced with permission from [31]. (b) The high-resolution DLP printing system. (c) Micro coil
array with a coil diameter of 100 µm. Scale bar: 200 µm, (d) Micro matrix. Scale bar: 200 µm. Reproduced with permission from [14].
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Figure 4. (a) Schematic of the ‘Top to Down’ DLP printing, (b) schematic of the ‘Bottom to Up’ DLP printing. Reproduced with permission from [34], (c) the blade of ‘Top to Down’ DLP
printing, reproduced with permission from [33], (d–e) the structures fracture surface of ‘Top to Down’ DLP printing, (f) schematic illustration of detachment movement in ‘Bottom to Up’
DLP printing, (g–h) the structure fracture surface of ‘Bottom to Up’ DLP printing Reproduced with permission from [34].
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part becoming more brittle [38]. Thus determining the
appropriate post-curing time is critical for photopoly-
merised structures.

3.2 Hardware system of DLP

The DLP printing system comprises four subsystems
(Figure 5): the DLP light engine, projection lens,
motorised stage and resin vat. The DLP light engine
comprises UV light, DMD and associated optics. This dis-
cussion will now concentrate on the subsystems of the
DLP printing system.

DLP light engines: DLP light engines typically
operate in the UV spectrum of 385 to 405 nm, which is
highly efficient for photopolymerisation. The complex
lens assemblies of DLP light engines collect and redirect
scattered UV rays into a parallel beam to optimise the
wide divergence angles emitted by UV light output
[39]. The dynamic mask, the centrepiece of DLP light
engines, includes a liquid crystal display (LCD) or a

DMD [40]. Although the LCD was the first dynamic
mask used in 1997, the light absorption is considerably
increased during the ON mode, and its switching
speed of around 20 ms substantially hampers its use
[9, 14, 41, 42]. On the other hand, DMD offers superior
contrast to LCD and is better suited to handle UV light.
This is why almost all high-precision DLP printing
systems on the market today are using DMD. DMD is a
binary device that can only generate two grayscale
values, ranging from pure white to pure black (Figure
6b). The single micro-mirror in Figure 6(c–e) can be
changed through the tensile strain of the hinge by
adjusting the bonding positions of the nanowire
clamped on the micromirrors to generate different pat-
terns. Pyo et al. [43] developed a custom-designed 3D
printing system using DMD technology. The system
leverages the unique working principle of DMD to
create user-defined gradient stiffness and microstruc-
tures with smooth, complex surfaces in seconds
(Figure 6a).

Figure 5. The schematic of fundamental components of DLP systems.
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Projection lens: The projection lens plays a vital role
in magnifying or reducing the 2D image displayed by
the DMD to the projection plane while ensuring light
uniformity. DLP light engines usually have two projec-
tion lens configurations: telecentric and conventional
non-telecentric. Low, lightweight DLP systems are
known for their non-telecentric design, as shown in
Figure 6(f) [45]. In optical systems, the telecentric lens
plays a crucial role in ensuring the projected image
has constant magnification over the field of view. As
depicted in Figure 6(g), one of the critical features of
telecentric lenses is the use of total internal reflection
(TIR) prisms, which are positioned between the projec-
tion lens and the DMD to eliminate image distortion.
The TIR angle also reflects backscattered light that
does not follow the parallelism, thereby increasing uni-
formity efficiency at the expense of reducing contrast
[46, 48]. Furthermore, the magnification or image size
of the telecentric lens does not change with focus, and
this assembly method minimises the space between
the optical components and the DMD, making it a
popular choice for DLP light engine design.

Motorised stage: Motorised stages ensure the pre-
cision and surface quality of 3D-printed objects. A
motorised stage consists of several critical parameters,
including ‘Minimum Incremental Motion’, ‘Accuracy’,
‘Bi-directional Repeatability Accuracy’ and ‘Load
Capacity’, which are crucial to meeting the requirements
of the DLP system. The ‘Minimum Incremental Motion’ is
a theoretical value that may not directly correlate to the
value used in the printing process. The ‘Bi-directional
Repeatability Accuracy’ is the most critical parameter
influencing the printing layer thickness, particularly for
achieving smaller layer thicknesses. Despite the high res-
olution of DLP printing systems, they still have fabrica-
tion constraints [49], such as the layer stair-stepping
effect that leads to poor surface finish. To address this
issue, reducing layer thickness is a dominant approach
in AM [50]. ‘Load Capacity’ is also a significant factor
for DLP printing systems; having enough load capacity
is essential for the smooth operation of the printing
process, a prerequisite for achieving printing accuracy.
This is because the motorised stage needs to carry the
cured structures upward or downward to achieve the
thickness of a single layer. This process continues until
the 3D structures are fully printed [51].

Resin Vat: In DLP-based 3D printing, the resin vat is
the receptacle that holds the photopolymer. The
‘Bottom-Up’ DLP printing system has a transparent
window in the resin vat, allowing UV light to pass
through from underneath the DLP light engine. In this
system, the layers attach between the cured and glass
windows. To reduce the adhesion forces, researchers

often coat the glass with PDMS or PTFE [52]. An
oxygen-permeable membrane is also an essential com-
ponent of the resin vat, necessary for measuring separ-
ation forces with different membranes. Pan et al. [53]
reported a separation force of 20 N when creating a
625mm2 area using a PDMS coating. Liravi et al. [47] pro-
posed a force separation model to investigate the
peeling effect of PDMS film after characterising the
cured separation force. The separation process could
be divided into four parts (Figure 6h), which are time-
consuming and may cause damage to the cured
surface. Wu et al. [54] reported that using PDMS
coating might potentially compromise the structural
integrity of the 3D-printed structures and degrade
more rapidly than PTFE membranes. The PDMS coating
may also create an opaque surface that scatters light,
adversely affecting printing accuracy and resolution.
Kunwar et al. [35] tested the PDMS film and Teflon
film, and they found that a 600µm PDMS film could gen-
erate a similar non-adhesive zone to a 45 µm Teflon film
(Figure 6i), which is an important area that defends the
photopolymerisation process and reduces the adhesion
force. In the ‘Top-Down’ DLP printing system, a release
film with hydrophobic properties is used to ensure
that the original build surface is level and to reduce
the adhesion of the cured structure to the film,
thereby ensuring that the cured structure adheres suc-
cessfully to the print plate. The design of release film
clamps is essential for resin vats. The self-peeling vat
concept was proposed in 2019 by Ribo et al. [55].
Various vat designs have been optimised to facilitate
easier membrane replacement, incorporating features
such as even screw distribution, hole perforation, and
a bracket mechanism, as well as offsetting the glass
window from the centre to create a different peeling
angle, which reduces adhesive forces and enables a
self-peeling method of detachment [56].

3.3 Theoretical model for the DLP
photopolymerisation process

In 1992, Jacobs introduced the initial and fundamental
model that describes the curing depth of a laser beam
when scanning along a straight line [57]. In 3D printing
using photopolymerisation, each layer is exposed to a
single, total irradiation exposure. The energy of
irradiation (E) delivered to the resin surface can be
expressed mathematically as an Equation (1). [58]. In
the ‘Working curve model’ model, the optical irradi-
ance at the resin surface at z = 0 is represented by I0
and t represents the light intensity and exposure
time. Emax is the maximum energy, which corresponds
to the energy density of a light beam before it enters a

8 X. WANG ET AL.



Figure 6. (a) The working mechanism of DMD-based on DLP, reproduced with permission from [43]. (b) The grayscale colour representation of a DMD using hexadecimal values (0–255). (c)
Micromirrors of DMD. Scale bar: 10 µm. (d) The inner hinge of the DMD Scale bar: 10 µm. (e) The torsion hinge and electrodes of micromirror arrays on the DMD chip, reproduced by
permission from [44]. (f) Schematic of a telecentric projection lens for digital light engines [45]. (g) Schematic of a non-telecentric projection lens for digital light engines [46]. (h) Illustration
of the separation mechanism of DLP (button to up), reprinted with permission from [47]. (i) A schematic illustrating the resin vat assembly and critical parameters, such as the dead zone,
for the DLP-based 3D printing system(button to up), reprinted with permission from [35].
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pool of photopolymer resin. The ‘Working curve model’
proposed by Jacobs can be expressed in Equation (2):

E = tI0 (1)

Cd = DpIn
Emax

Ec

( )
(2)

Herein, the variable Cd represents the depth or thick-
ness of the cured resin layer. The principle proposed by
Jacobs introduces two essential parameters: the curing
time penetration depth Dp and the energy required for
polymerisation Ec [31]. The penetration of light obeys a
Beer–Lambert law [59, 60], Dp is a function of the absor-
bance characteristics and composition of the polymer
system [61], which is the depth at which the light inten-
sity is reduced to 1/e of its initial value due to absorption
by the photopolymer resin. Ec is the exposure dose at the
‘gelation point’ where a rapid increase in viscosity is
observed, and the photopolymer resin no longer flows
freely [57]. Dp and Ec are the only two parameters that
rely purely on the photopolymerisation process [62],
and optimising the process parameters involves deter-
mining the suitable values for Dp and Ec. Moreover,
upon examination of Figure 7(a), it evident that Dp is
the slope of the ‘working curve’, which is obtained
from the actual measurement data on print layer thick-
ness versus exposure time (energy). The energy Ec or
exposure time T is the intersection of the straight line
of the side measurement data with the X-axis.

However, the theoretical calculation of the ‘cured
structure thickness’ Cd for different photosensitive
resins varies. There are generally two scenarios: photo-
sensitive resins mainly consist of monomers and
photo-initiators or monomers, photo-initiators and
photo-absorber. In the first case, the penetration depth
Dp and the whole solidified thickness Cd could be rep-
resented [57] as

Dp = 1
2.31[PI]

(3)

Cd = 2
2.3031[PI]

In
E

����
[PI]

√

a1b

( )
(4)

Lee et al. [61] considered the photo-polymerisation
kinetics to develop a prediction model. Importantly,
they demonstrated that the maximum value of Cd,
denoted as (Cd,max), which is the optimal energy dose
required for maximum cross-linking efficiency. Lee’s
model is an important contribution to predicting the
maximum thickness of the ‘gelation point’, which is
the minimum cured thickness attainable with DLP pro-
cessing. This model involves two constants, namely α1,
which describes the chemical system (including kinetic

constants) and relates to photo-polymerisation proces-
sing conditions, the constant of the chemical system
(comprising kinetic constants), and β is the constant of
photo-polymerisation processing conditions [64].

Cd,max = E2

6.2591a2
1b

2 (5)

Controlling UV light penetration and getting a
minimum layer thickness is critical to eliminate the ‘stair-
case effect’ and achieve high-resolution structures in the
vertical direction. Therefore, the DLP polymer systems
sometimes require the incorporation of photoabsorbers.
When photo-absorbers are incorporated into a polymer
resin formulation, the effect of the absorber concen-
tration [A] must also be considered. Modified equations
(6 and 7) [65] are used to determine Dp and Cd, which
take into account the influence of absorber concen-
tration [A]. The relationship between the change of
photo-initiator, photo-absorber concentration and
curing layer thickness could be shown in equations (8
and 9). The relationship is described by the molar extinc-
tion coefficients of the photo-initiator and the absorber,
denoted as εPI and εA, respectively. An analysis of this
relationship reveals that the cured thickness will increase
with the concentration of the photo-initiator but
decrease with the increasing concentration of the
photo-absorber.

Dp = 1
2.3(1PI[PI]+ 1A[A])

(6)

Cd =
In

E
��
PI

√

ab

( )
2.3(1PI[PI]+ 1A[A])

=
In

E2[PI]

a2b2

( )
2.303(1PI[PI]+ 1A[A])

(7)

d[PI]
dCd

=
1PIIn

ea2b2

E2[PI]
+ 1A[A]

2.303[PI](1PI[PI]+ 1A[A])
2 (8)

d[A]
dCd

=
1AIn

E2[PI]

a2b2

2.303(1PI[PI]+ 1A[A])
2 (9)

Lw = v0

�����
2
Cd
Dp

√
(10)

In addition to the thickness of the cured layer, the
width of the 3D structure after curing is also an impor-
tant consideration. The cured width, denoted as Lw in
Jacob’s model is shown in Equation (10). This effect is
particularly applicable to ‘Top-Down’ configurations,
where crosslinking primarily occurs on the top surface
of the resin (Figure 7b). The width of the curing
surface is directly proportional to the radius of the UV
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light beam (ω0) at the top resin surface. The cure width is
also proportional to the square root of the ratio Cd/Dp.
Therefore, the cured width increases with higher cure
depths Cd; however, it does not increase linearly with
the penetration depth Dp. The width of the curing
surface is strongly dependent on the diameter of the
polymer chains Dp, particularly when there is a change
in the resin composition. Recognising that photocuring
accuracy is partly dependent on the material compo-
sition is essential to accurately control the depth of the
cure and predict the width of the cure.

4 Commercial DLP equipment

DLP technology harbours the immense potential to
function as a sophisticated precision polymer micro-
manufacturing technology encompassing the entire
value chain from concept development and fundamen-
tal theory establishment to equipment design, assembly,
optimisation, and product fabrication. Over the past
forty years, many superior quality DLP 3D printers have
surfaced. The commercial DLP printer market can be
bifurcated into industrial DLP 3D printers and desktop
DLP 3D printers. An analysis of the data showcased in
Figure 8 indicates that the essential specifications of
industrial DLP 3D printers can be summarised as follows:

. Printing resolution: The resolution of commercial DLP
3D printers is a crucial parameter affecting printing
quality. While some companies like 3D Systems, Next-
dent and EnvisionTEC have established themselves as

leaders in dentistry, jewellery and hearing aid appli-
cations, their focus in these specific areas limits the
achievable printing resolution is not higher. Addition-
ally, the CeraFab System S230 (Lithoz) offers a resol-
ution of 50 µm, and the ProMaker ‘LD20’ series with
an XY resolution of 42 µm. These printing resolutions
can represent the resolution of most printers on the
market today. For 3D bioprinting, Engineering for
Life (EFL) has achieved a resolution of 25 µm for soft
polymers such as hydrogels. Meanwhile, for high-res-
olution DLP printing, Boston Micro Fabrication (BMF,
China) and Nanofabrica (USA), both established in
2016, offer printers with the highest precision in the
DLP market. The S140 series by BMF provides an
impressive resolution of 2 µm. Nanofabrica’s ‘Fabrica
2.0’ series delivers 1–5 µm layer thickness and an XY
resolution of 1.9 µm, producing highly precise 3D
parts with a final roughness as low as 0.8 µm.

. Printing speed: Achieving high printing efficiency in
commercial 3D printers necessitates high printing
speeds. The printing speed of conventional commer-
cial DLP printers primarily relies on the movement
speed of the Z-axis motorised stage. The fastest
print speed of traditional DLP companies such as
Phrozen, Creations (American), and 3D Systems is
mainly concentrated from 30 to 100 mm/h. Notably,
Gizmo3D (Australia) has developed a printer showcas-
ing exceptional printing speed, producing objects
with dimensions of 150 × 80 × 26 mm3 in a mere six
minutes. In [66], Carbon introduced a 3D printing
technology called ‘Continuous Liquid Interface

Figure 7. (a) The experimental data of the layer thickness h with exposure time t (the dashed lines are the linear fitting of the exper-
imental data), reproduced with permission from [31]. (b) The distribution of irradiance exposure and cure depth of a UV beam, repro-
duced with permission from [63].
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Figure 8. Selected some commercially available DLP 3D printers currently offered in the market, indicating commercial prices and printing resolution achieved
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Production’ (CLIP). This revolutionary technology
enables significantly faster printing speeds than com-
mercial DLP 3D printers, with a speed improvement
ranging from 25 to 100 times (1000 mm h−1 in the
z-direction). Consequently, Carbon’s 3D printers are
currently the fastest DLP printers available.

. Printing area: The print area of commercial DLP 3D
printers is usually a few tens to a few hundred
cubic millimetres. The relationship between printing
resolution and printing area is often characterised by
a delicate balance, wherein directly enlarging the
printing area will reduce printing accuracy. Never-
theless, attaining a large-scale printing area is impor-
tant across various application scenarios.
Consequently, achieving an optimal equilibrium
between printing accuracy and printing area has
become a critical consideration within the commer-
cial market. To address this challenge, EnvisionTEC
has introduced the ‘EnvisionTEC one’, which offers
an expansive printing area measuring 450 × 371 ×
399 mm3 with compromised printing accuracy (100
µm). The newest printer from BMF, the S230 series,
achieves 2 µm print accuracy and an increased
print area of 1720 × 750 × 1820 mm3 through stitch-
ing technology and a series of compensation algor-
ithms; it truly realises high-precision, large-area
printing.

Although the market for commercial DLP 3D printers
is significant, several challenges remain to be addressed.
First, the printing resolution of industrial DLP 3D printers
refers to their voxel resolution or X-Y resolution rather
than the minimum achievable print feature size. Due
to hardware, software, and polymer system constraints,
the printing accuracy is often far from the theoretical
printing resolution. Additionally, many commercial prin-
ters are proprietary and do not allow for open-source
development, limiting application development by
researchers. Academic research often leads to novel
technological breakthroughs, and numerous successful
companies have originated from universities. For
instance, Carbon 3D and the University of North Carolina
reported a revolutionary improvement in micro and
nano 3D printing technology, Continuous Liquid Inter-
face Manufacturing (CLIP), in Science in 2015 [22]. With
the aid of CLIP technology, Carbon currently has custo-
mers in 17 countries and continues to expand globally
[66]. Therefore, the development of DLP technology
encompasses not only commercial development and
applications but also the continuous pursuit of techno-
logical advancements and innovative applications in
academia.

5 The materials used in DLP

5.1 Free-radical polymerisation

Polymerisation is a chemical reaction that combines
small monomer molecules to form a polymer. There
are two basic types of polymerisation: step polymeris-
ation and chain polymerisation [67]. In chain polymeris-
ation, the chemical reaction needs to be initiated by
catalysts such as free-radical initiators, cationic and
anionic initiators [68]. Therefore, chain-growth poly-
merisation consists of free-radical polymerisation,
anionic, cationic and coordination polymerisation [69].
Free radical chain polymerisation is the most com-
monly used in commercial synthetic polymers, and it
involves a chain reaction where free radicals initiate
and propagate the polymerisation process [70]. The
free radical chain polymerisation can be activated by
light, voltage, chemical redox triggers and mechanical
force depending on how radicals are generated.
Among these methods, photopolymerisation, where
light is used to trigger free radical polymerisation, is
widely used in many fields [71, 72]. Figure 9 illustrates
the ‘Free-radical photopolymerisation’ process, encom-
passing radical generation, initiation, polymerisation
and termination [57, 73, 74]. In the photo-polymeris-
ation process, radical generation is initiated when
free radicals R absorb energy (hv) from the photo-
initiator (PI), leading to a chain reaction with a
monomer (M). During the propagation step, each
addition of a monomer (M) to the growing macroradi-
cal (M_n) with a chain length of n monomer units
results in the formation of a larger macroradical (M_
(n + 1)). The principal reactions responsible for chain
terminations include recombination, disproportiona-
tion, inhibition, and occlusion. In the ‘Free-radical
photopolymerisation’ process, a series of intercon-
nected steps takes place to ensure the successful poly-
merisation and curing of the material and termination
reactions occur to finalise the curing process and
stabilise the polymerised material.

5.2 Polymer system composition for DLP

Creating high-precision and high-resolution constructs
through DLP printing necessitates the utilisation of
highly efficient photo-initiators (PI) and UV photo-absor-
bers (PA) during the photo-polymerisation process. The
photo-initiator stimulates the generation of reactive
molecules, such as free radicals, accelerating the speed
of monomer cross-linking. Meanwhile, the photo-absor-
ber regulates the depth of UV light penetration during
printing [58]. Notably, information on commercial
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resins remains proprietary, with only a few studies men-
tioning the use of multifunctional (meth)acrylates in
such materials [75]. Accordingly, developing a well-
designed polymer system for DLP printing is crucial to
ensure optimal performance. The attainment of high-
precision printing necessitates a profound understand-
ing of light-curing resins and the concomitant design
of polymer resins.

5.2.1 Monomers
Monomers are small organic molecules with reactive
functional groups that undergo polymerisation to
form larger polymer chains. In photopolymerisation,
monomers are designed for UV light-induced poly-
merisation, initiating chemical reactions that convert
monomers into a polymer network. In DLP 3D printing,
the fundamental constituents of the photopolymer
system are monomers. The process involves the acti-
vation of reactive bonds in the monomers by UV
light, which triggers polymerisation. As a result, long-
chain polymers are formed at specific locations, ulti-
mately resulting in the desired final structures. Mono-
mers utilised in photopolymerisation frequently
incorporate double bonds, exemplified by acrylates or
methacrylates such as Poly (ethylene glycol) diacrylate
(PEGDA), gelatin methacryloyl (GelMA) and methacry-
late hyaluronic acid (MeHA). These double bonds
display reactivity and readily engage in crosslinking
reactions upon light exposure, establishing a three-
dimensional polymer network. In addition, some func-
tional particles or materials are mixed with monomers
to produce functional polymer systems and print
different functional 3D structures.

PEGDA is a modified form of PEG with acrylate
groups, enabling photopolymerisation when combined
with a photo-initiator. It fabricates micropatterned struc-
tures with feature sizes below 100 µm [76–78]. PEGDA
also shows promise for drug delivery and tissue engin-
eering applications [79–81]. GelMA is a gelatin-based
hydrogel monomer derived from methacrylate modifi-
cation [82, 83]. It is extensively used in tissue engineer-
ing, regenerative medicine, and drug delivery [84–94].
MeHA, a derivative of HA, is promising in CNS tissue
engineering due to its association with the extracellular
matrix [95]. It is also versatile in cartilage and bone-like
tissue engineering [96, 97].

Different particles can modulate the structure and
properties of polymers, enabling specific functionalised
designs. Rossegger et al. [98]. incorporated Fe3O4 nano-
particles into monomers containing reactive thiol (–SH)
and alkene (ene) functional groups, allowing the print-
ing of flexible 3D structures controlled by a magnetic
field. Cazin et al. [99] introduced Fe3O4 nanoparticles
into a curable thiol-acrylate system, making the compo-
sites mendable and malleable using bond exchange
reactions activated by elevated temperatures. Lantean
et al. [100] successfully fabricated magnetically respon-
sive gears using a strategic combination of Fe3O4 nano-
particles and monomers containing acrylate and
polyurethane functional groups, and they demon-
strated the ability to program specific motions in the
gears. Fantino et al. [101] incorporated AgNO3 into a
PEGDA, resulting in complex 3D pieces with promising
electrical properties. Gonzalez et al. [102] used CNTs in
a photopolymer system with PEGDA and PEGMEMA
monomers to print conductive 3D objects. Salas et al.

Figure 9. Free radical photopolymerisation of DLP polymer system
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[103]synthesised MXenes nanocomposites using
Ti3C2TZ as the nanofiller and bisphenol A dimethacry-
late (BPA-dma, > 98%) as the monomer. Through the
implementation of DLP printing technology, they
were able to fabricate conductive 3D structures. Gas-
taldi et al. [104] investigated incorporating copper
iodide clusters into an acrylic matrix, producing photo-
luminescent devices. The resulting devices efficiently
guided irradiation and converted it from UV to visible
light. Ceramic nanoparticles (e.g. silica, alumina, zirconia
and hydroxyapatite) dispersed in monomer matrices
can be decomposed via high-temperature heating
after printing. Halloran demonstrated the DLP printing
of complex-shaped alumina structures, including piezo-
electric ceramics [105–107]. These studies showcase the
potential of incorporating particles into photopolymer
systems for the fabrication of functionalised 3D
structures.

In addition to diverse particle incorporation, integrat-
ing various materials with monomers is another effective
approach for achieving functionalised designs in
polymer printing. Cazin et al. [99] utilised acrylates for
radical-induced chain growth polymerisation at 405
nm and bi-functional epoxy monomers for cationic
curing upon UV exposure at 365 nm and print structures
with locally controlled mechanical properties. Similarly,
covalent bonds and dynamic non-covalent interactions
offer unique properties like adaptability, self-healing,
and recyclability [108–110]. Li et al. [111] demonstrated
the recyclability and shape memory properties of poly-
urethanes based on Diels-Alder reactions. Analogously,
hydrogen bonding and metal-ligand coordination
enable self-healing and stimulus-responsive properties
[112–114]. Binyamin et al [115] utilise a dual-cure
epoxy oligomer, BAEMA, with alkylated melamine to
develop a novel epoxy-based photopolymer with high
thermal stability. Bobrin et al. [116] investigated the
nanoscale morphology and mechanical properties of
monomer mixture using macromolecular chain transfer
agents and found bicontinuous nanostructured
materials exhibited enhanced mechanical properties.
Patel et al. [117] developed highly stretchable elasto-
mers for DLP-based 3D printing by varying the ratios
of epoxy aliphatic acrylate (EAA) and aliphatic urethane
diacrylate (AUD). Cafiso et al. [118] used trimethoxysilyl-
propyl methacrylate as a monomer to develop metha-
crylated carboxymethyl cellulose (mCMC) hydrogels
with controlled swelling and pH-sensitive characteristics.
Recently, Caprioli et al. [119] developed a self-healing
photopolymer system using Poly (vinyl alcohol) (PVA),
acrylic acid (AAc) and PEGDA, enabling room-tempera-
ture 3D printing of complex structures with the self-
healing ability.

5.2.2 Photo-initiators
In DLP printing, the photo-initiator plays a crucial role in
promoting the conversion of photolytic energy, which
induces polymerisation for improved crosslinking and
printing efficiency [65, 120]. Photo-initiators are mol-
ecular compounds that produce high-energy, active
species, such as free radicals or cationic [121–125]. To
be effective, a photo-initiator should possess a high
molar extinction coefficient at the UV light source
wavelength and produce active initiating species, like
free radicals. The concentration of the photo-initiator
has a significant impact on the crosslinking time of
the polymer, so the crosslinking time generally ranges
from a few seconds to a few minutes at specific wave-
lengths of UV light. With a specific wavelength of UV
light, this time can range from seconds to minutes
[25]. The photo-initiator can be classified as Norrish
Type I or Type II [126]. Type I photo-initiators are mol-
ecules that can be cleaved into radical fragments
upon exposure to UV light at a suitable wavelength
[58, 127, 128]. Type II photo-initiators require a co-
initiator and carbonyl compound to achieve an
excited electron state. Compared to Type I, Type II
photo-initiators have a slower reaction rate [129].
Water is the most convenient and readily available
solvent for hydrogel fabrication in biomedical appli-
cations developing water-soluble photo-initiators is
essential. Therefore, a summary is made based on the
current common photo-initiators. Using water as a
solvent for hydrogel manufacturing is a more con-
venient and readily available option in biomedical
applications. Consequently, we have undertaken a
concise compilation and categorisation of photo-
initiators based on the solubility in water [130].

1. Water-soluble photo-initiator

. 2-Hydroxy-4′′′′′-(2-hydroxyethyl)−2-methylpropio-
phenone (Omnirad 2959): In the field of aqueous
photocurable systems, Omnirad 2959 is a well-
known and frequently employed water-soluble
photo-initiator due to its minimal toxicity and exten-
sive use in the fabrication of biomaterials [131, 132].
Despite these benefits, Omnirad 2959 exhibits poor
absorption at the wavelengths of DLP UV light
(385–405 nm), leading to low polymerisation
efficiency. Furthermore, the limited solubility of the
compound in water (0.47 w/w) requires extensive agi-
tation, heating, or the addition of organic solvents
during dissolution, which can be laborious [133,
134]. Nevertheless, even at low concentrations of
around 1%, Omnirad 2959 remains a popular choice
for photo-initiators in many applications.
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. Lithium phenyl-2,4,6-trimethyl-benzoyl phosphi-
nate (LAP): LAP has garnered much attention in bio-
printing due to its superior efficiency, rapid
conversion kinetics and high efficiency under a
high-energy light wavelength of around 400 nm
[135]. Furthermore, LAP’s broader absorption spec-
trum allows it to be excited by 405 nm visible light,
which is less harmful to cells in the 3D bioprinting
field. As a result, LAP has emerged as a preferred
photo-initiator for bioprinting owing to its rapid and
safe properties. However, LAP’s cost is a significant
constraint that limits its usage. LAPwidely used
water-soluble photo-initiators that enable cross-
linking within seconds due to their faster reaction
rates and solubility in water. Fairbanks et al. experi-
mented in 2009 using a PEGDA solution with LAP or
Omnirad 2959. They found that LAP-induced gelation
of photopolymer resins was about ten times faster
than those containing Omnirad2959, as shown in
Figure 10(a) [127, 136]. In 2013, Lin et al. [137] used
LAP as a photo-initiator with PEGDA to print specific
shapes and design architectural hydrogel scaffolds.

. 2′′′′′,4′′′′′,5′′′′′,7′′′′′-Tetrabromofluorescein (Eosin Y): Eosin Y
is a biocompatible photo-initiator commercially avail-
able in either water-soluble or ethanol-soluble forms.
The ethanol-soluble type stains more quickly and pro-
duces a more vivid red colour than the water-soluble
variety. Eosin Y is a visible light-activated photo-
initiator that has found application in bioprinting.
Kim et al. [138] The first cell-attachable UV light
curing bio-ink was recently reported, incorporating
GelMA and Eosin Y, printed using a commercial pro-
jector beam (Figure 10b). The excitation of Eosin Y
occurs within the UV light spectrum at wavelengths
ranging from 490 to 650 nm.

. Diphenyl(2,4,6-trimethyl benzoyl) phosphine
oxide (TPO-based nanoparticle): TPO is a widely
used commercial photo-initiator that can be trans-
formed into water-dispersible nanoparticles through
a multi-component approach. TPO is an effective
photo-initiator with an extinction coefficient over
300 times greater than the best commercially avail-
able Omnirad 2959. In 2016, Pawar et al. [134] utilised
TPO nanoparticles as photo-initiators to fabricate a
hydrogel structure (Figure 10c). Although TPO has a
maximum molar extinction coefficient below 400
nm, its absorption spectra cover the violet light
region. This property enables TPO nanoparticles to
be compatible with commercial DLP printers that
utilise 405 nm UV light for curing purposes [75].

. Riboflavin (RF): RF is a commonly used type II photo-
initiator in 3D printing. It generates initiating radicals
or radical ions through electron transfer or hydrogen

abstraction reactions [140]. RF, along with triethanola-
mine (TEOHA), is a co-initiator in printing double-
network ionic hydrogels [141]. The RF-TEOHA
system and multi-walled carbon nanotubes
(MWCNTs) are employed in DLP 3D printing of acryl-
amide and other acrylic monomers at 405 nm [142].

Unlike aqueous polymerisation, non-aqueous
systems offer a wide range of efficient photo-initiators.
As a result, we will now provide a brief overview of
some commonly used water-insoluble photo-initiators.

2. Water-insoluble photo-initiator

. Omnirad series photo-initiators: The Omnirad series
of photo-initiators is widely recognised as one of the
most extensively used commercials. Bis(2,4,6-tri-
methyl benzoyl) phenyl phosphine oxide (Omnirad
819), renowned for its superior performance in
curing at low concentrations upon exposure to
sufficient amounts of UV radiation, is a remarkable
example. 1-Hydroxy-cyclohexyl-phenyl-ketone
(Omnirad 184), a highly efficient photo-initiator, is
commonly used for initiating photo-polymerisation
in chemically unsaturated prepolymers. These
photo-initiators are readily soluble in conventional
solvents such as acetone and toluene. Another
photo-initiate 2-Benzyl-2-dimethylamino-1-(4-mor-
pholinophenyl)-butanone-1 (Omnirad 369), which is
well-suited for various applications, such as pigmen-
ted UV curable systems, photoresists, and printing
plates. Recently, Fang and colleagues employed a
straightforward yet versatile photo-initiator system
consisting of Bis (eta.5-2,4-cylcopentadien-1-yl)-bis
(2,6-difluoro-3-(1H-pyrrol-1-yl)-phenyl) titanium
(Omnirad 784 (type I)) and camphor quinone (CQ)-
ethyl 4-dimethylamino benzoate (EDAB) (type II) to
print intricate architectures (Figure 10d) [139].

. Diphenyl(2,4,6-trimethyl benzoyl) phosphine
oxide (TPO): TPO has been identified as one of the
most efficient photo-initiators for inducing free
radical polymerisation of various monomers. TPO
contains an ‘aroylphosphinoyl chromophore’, demon-
strating a distinct absorption range of 350 to 380 nm,
extending to 420 to 440 nm, with high molar extinc-
tion coefficients. TPO also exhibits excellent thermal
and shelf stability and photobleaching properties. It
is worth noting that the absorption spectra of TPO
show favourable characteristics for cell encapsulation;
this finding suggests the potential of TPO as a suitable
photo-initiator for tissue engineering [143].

Numerous advanced photo-initiators have demon-
strated remarkable performance; however, several
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Figure 10. Summary of some common photo-initiators. (a) Cleavage of Omnirad2959 and LAP into substituent radicals following photon absorption, with molar absorptivities and clea-
vage products (dashed line) of the Omnirad2959 (left) and LAP (right), respectively They were reprinted with permission from [127]. (b) Maple leaf structure printed by Eosin Y-based
photopolymerisation of GelMA bio-ink and NIH-3T3 cell-laden printed sample at day five stained with DAPI for nuclei (blue) and phalloidin 488 for F-actin (green) Reprinted by permission
from [138]. (c) The structure was obtained from a photopolymer system with TPO nanoparticles Reprinted with permission from [134]. (d) Normalised absorption of photo-initiators
Omnirad784, CQ, and blue food dye and substrates 3D structure fabricated using a polymer containing PEGDA, Omnirad784 (left) and Rhodamine B (right). Reprinted with permission
from [139].
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challenges and opportunities persist in these initiators’
molecular design and application promotion. First,
while a UV light photo-initiator that enables rapid and
precise 3D printing is no longer an issue, enhancing
the solubility of initiators in a broader range of solvents
at the lowest possible cost is currently a focal point of
research. A systematic study of promising organic dyes
(commercials and newly synthesised) that have not yet
been used in 3D printing could be captivating. Second,
while numerous photo-initiators have been developed
for non-3D printing purposes, only a few have been uti-
lised in DLP technology. In particular, biocompatible and
biodegradable macro-photo-initiators for 3D printing
are largely unexplored in bio-printing. Pursuing novel
photo-initiators or photo-initiating systems represents
a promising avenue for advancing the field of photopo-
lymerisation 3D printing. The variety of natural photoac-
tive compounds offers an excellent source for
developing a new photo-initiator that might cover the
entire visible spectrum. These compounds have
already proven potential to enable light-based 3D print-
ing in the visible spectral range. The new natural and
natural-derived photo-initiator will be used in more
and more DLP 3D printing [144].

5.2.3 Photo-absorber
In DLP printing, UV exposure times and light intensities
need to be scientifically adjusted to ensure accurate
curing depths in complex geometries. One crucial
element in photopolymer systems is the photo-absor-
ber, preventing excessive polymerisation due to light
scattering and enhancing Z-axis resolution and pattern
fidelity [145]. The photo-absorber significantly impacts
the UV energy distribution on the imaging surface by
reducing the light energy absorbed by the photo-
initiator and weakening the intensity of UV light.
Hence, careful regulation of the photo-absorber concen-
tration is critical to achieving an appropriate depth of
cure and increasing the crosslink density to attain
high-precision printing.

. Dyes: Dyes are added to the polymer to improve the
features of the objects, such as resolution or strength
and not affect the polymerisation process itself [65].
Cure depth relies on light absorber concentration
and molar extinction coefficient. Dyes spatially
confine polymerisation, preventing over-curing in
width and depth [146, 147]. Tartrazine has been
explored as a yellow food dye for potential use in
various biomedical applications. These properties
enable sufficient elution and transparency of hydro-
gels after fabrication [148]. In a study by Grigoryan
et al. [149] in 2019, a vasculature network was

successfully printed using a photopolymer resin com-
posed of PEGDA and tartrazine via continuous liquid
interface production (CLIP) technology. Another
photo-absorber that has shown promising results in
achieving 200 µm feature sizes with PEGDA hydrogels
is Reactive-Orange-16, which has an absorption peak
at around 493nm and is water-soluble [150, 151].

. 1-phenyl azo-2-naphthol (Sudan I): Sudan I is a
commonly utilised photo-absorber in DLP printing
[58, 152]. As a member of the Sudan dye group, a
set of lipid-soluble solvent dyes, Sudan I is not
highly water-soluble. Nonetheless, it can dissolve in
different solvents, including DMSO, ethyl acetate,
ethanol, ether, acetone and benzene.

. Reactive Orange 16: Reactive Orange 16 has been
used to avoid the curing out of the irradiated area
and to control the thickness of each layer [153]. Reac-
tive Orange 16 is the photo-absorber used to prevent
the leaking out of light from the desired illumination
area. It allows controlling the thickness of each layer
during the printing process [101].

. 2-Nitrophenyl Phenyl Sulfide (NPS) NPS is a cost-
effective and easily available photo-absorber that
has been identified as a suitable candidate for DLP
printing systems, particularly when compared to
other commonly used and easily dissolvable photo-
absorbers such as toluene, chloroform, and methanol
[152]. In the 480–420 nm spectral range, NPS exhibits
significantly greater absorbance than certain food
dyes, including Brilliant Blue, which results in
weaker UV light penetration and enables the printing
of high-precision 3D structures via DLP technology.

5.2.4 Crosslinker
Crosslinker plays a critical role in photopolymerisation as
it governs the efficiency of step-growth reactions and
subsequently influences the mechanical properties of
polymer systems [154]. Lee et al. [155] studied UV-
curable resins with varying monomer (butyl acrylate)
and crosslinker (diurethane dimethacrylate) ratios in
DLP printing. Results show that increasing diurea
dimethacrylate can increase crosslinking density and
improve mechanical properties. Zhang et al. [156] devel-
oped a robust shape-memory polymer system using
tert-butyl acrylate (tBA (linear chain builder)) and ali-
phatic urethane diacrylate (AUD (crosslinker)). They
found The AUD crosslinker endows high deformability
and fatigue resistance to the tBA – AUD shape-
memory polymers (SMP) system. Borrello et al. [157] uti-
lised 1,6-hexanediol diacrylate as a crosslinker, achieving
a 50-fold change in elastic modulus by adjusting
monomer and crosslinker ratios. When printed, these

18 X. WANG ET AL.



formulations maintained mechanical integrity, dimen-
sional accuracy, and high feature resolution.

5.2.5 Radical scavengers
Photosensitive polymers are inevitably exposed to
natural light during storage, transportation and printing.
Without a radical inhibitor, visible light easily triggers the
initiator to produce free radicals. This will further lead to
chain-growth photopolymerisation, resulting in the irre-
versible curing of photosensitive gel ink. To avoid this
undesirable photocuring reaction, it is usually necessary
to add some radical inhibitors, which are used to elimin-
ate the possible residual free radicals, preventing the
small molecules in the photopolymer system from cross-
linking before 3D printing [158]. The radical inhibitor is a
kind of substance which can completely stop the free
radical polymerisation of alkenes monomers [159]. The
radical inhibitor molecules react with free radicals to
form non-free radical substances or less active free rad-
icals that cannot be initiated a reaction, thus terminating
polymerisation [160]. The selection of radical inhibitors
mainly depends on several properties, including high
anti-polymerisation efficiency, solubility in monomers
and adaptability to monomers. Hydroquinone (HQ) is
one of the most commonly used radical inhibitors in
photosensitive resin products [161]. Tocopherol, triallyl
phosphates and naringenin are other free-radical sca-
vengers [162, 163]. Similarly, NaNO2, as an aqueous
phase radical scavenger, prevents secondary nucleation
reactions initiated by free radicals by reacting with and
neutralising them [164].

5.2.6 Oxygen inhibitors
Oxygen inhibition effects have been a significant factor
in the DLP printing procedure. The inhibition effect of
molecular oxygen in free-radical photopolymerisation
reactions has always been a key issue [165, 166]. To over-
come oxygen inhibition, one is increasing light intensity
or photo-initiator concentration; another is containing
easily abstractable hydrogen atoms such as amines or
thiols [167, 168]. Besides, photochemical methods may
also be used to consume dissolved oxygen before poly-
merisation, which is based on light-absorbing species
that sensitise singlet oxygen from dissolved molecular
oxygen. Once it is produced, singlet oxygen can react
with a scavenger such as benzofuran derivatives to
form hydroperoxides or endoperoxides; these com-
pounds are subject to further decomposition upon
irradiation, thereby removing the molecular oxygen
from the system [169, 170]. The effect of Triphenylpho-
sphine as an oxygen scavenger in the free-radical photo-
polymerisation of acrylates was clarified. They observed
that the effect of oxygen inhibition decreases in the

presence of Triphenylphosphine. Additionally, Ligon,
Samuel Clark et al. [171] detailed a summary of the
current strategies for oxygen inhabits in the photopoly-
merisation process.

5.3 The characteristics of the polymer system

The direct influence of the polymer system on printing
resolution and the resulting function of cured structures
underscore the critical importance of discovering suit-
able polymer systems to enable DLP printing of high-
accuracy, high-fidelity constructs. Furthermore, the
polymer system needs to satisfy diverse requirements
for various applications, such as micro-structure manu-
facture, by exhibiting controllable mechanical and
chemical properties. In addition, it should show good
printability, such as being easy to print, having good
fluidity, solidifying quickly, and maintaining its final
structure after printing. Determining the optimal formu-
lation is thus the first critical step towards DLP printing
success.

· · Printability: Printability refers to the ability of the
photopolymer to print 3D structures with high
structural integrity [172]. The printability of a
polymer system is a critical factor in printing high-
fidelity 3D architectures, mainly regarding shape
fidelity, cured structure, and mechanical stability
[173]. Assessing the printability characteristics of
photopolymers encompasses thoroughly examining
their light-curing properties, adhesion, fluidity, etc.
The light-curing characteristics of the photopoly-
mers emerge as the fundamental and critical
factors in evaluating their printability, with high sen-
sitivity to the UV light source being essential for
rapid and efficient curing upon exposure to UV
light. The most used methods to evaluate the cure
extent are differential scanning photo calorimetry
(photo-DSC), real-time infrared spectroscopy (RT-
IR), and confocal Raman microscopy [174]. Addition-
ally, the adhesion of the photopolymers plays a
foundational role in successful printing, especially
in layer-by-layer DLP printing. Strong adhesion to
previously cured layers is imperative for establishing
a stable printing process and constructing reliable
structures, effectively preventing inter-layer
peeling and deformation, thereby ensuring overall
print quality [175,176]. Similarly, the fluidity of
photopolymers plays a pivotal role in the success
of photocured materials. Fluidity directly influences
the ability of photopolymers to flow smoothly
during the printing process, and exceptional
fluidity contributes to the production of detailed
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and surface-flat structures [177–179]. Researchers
utilise photopolymer to print specific design struc-
tures, followed by a comprehensive analysis of the
printability characteristics of the printed structures
to determine whether the photopolymer meets
the print requirement. This systematic methodology
fosters a thorough comprehension of the perform-
ance and behaviour of photopolymer throughout
the printing process, ultimately enabling the
identification and selection of the most optimal
photopolymer for high-precision DLP printing appli-
cations. Thus the study of the printability of poly-
mers is essential to achieve high-precision
fabrication with DLP printing. Furthermore, in
addition to designing printing strategies based on
the properties of synthetic polymers, the printing
process’s in-depth study is necessary to determine
the most suitable formulation and concentration
of the resin components.

· · Mechanical properties: Mechanical properties are
especially critical for most DLP applications, such
as regenerating hard tissues and microfluidic
devices, where appropriate mechanical strength is
essential. Materials’ mechanical properties are
crucial in determining their suitability for a particular
application. In contrast, materials with high mech-
anical strength and stiffness are more suitable for
applications such as tissue engineering and microfl-
uidic chips. The mechanical properties of photopo-
lymer play a crucial role in printing, directly
affecting the strength and durability of the printed
structure. Firstly, tensile strength is a measure of
the ability of the photopolymer to resist tensile
forces, which is crucial to the overall strength of
the printed part, especially when printing microflui-
dic channels, the photopolymer with high tensile
strength can obtain a better channel structure,
ensuring structural integrity and functionality [180,
181]. Secondly, flexural strength is the ability to
assess the resistance of the photopolymer to
bending forces, which is directly related to the
bending performance and durability of the printed
part. Particularly for curved shape structures, a
higher bending strength ensures better printing
accuracy and stability during use [182]. In addition,
hardness is a measure of the ability of the photopo-
lymer to resist localised compression or scratching
[183]. A high hardness value means that the material
is more resistant to abrasion and scratching, which is
critical to the durability and longevity of the printed
part, especially in applications where wear resist-
ance is essential. Therefore, when selecting a suit-
able photopolymer, it is necessary to consider and

evaluate these mechanical property indicators
thoroughly. This ensures the appropriate photopo-
lymer choice for specific applications based on
different practical requirements.

6 Process parameters in DLP

The efficacy of DLP 3D printing is highly contingent
upon the photosensitivity of photocurable material
systems and the corresponding UV light illumination
parameters, including UV light intensity and exposure
time. Figure 11 provides an overview of the crucial
process parameters involved. Notably, a more reactive
photo-initiator and photo-absorber tend to yield stron-
ger, high-fidelity constructs. Lower UV light intensity
and shorter exposure times lead to reduced mechanical
properties in 3D printed structures, compared to higher
UV light intensity and longer exposure times. Addition-
ally, the cured structures’ final mechanical properties
depend on the polymer’s composition and concen-
tration. Varying process parameters or polymer
systems lead to different mechanical properties.

6.1 UV light exposure energy

The efficiency of photopolymerisation in DLP printing
hinges significantly on the energy of UV light exposure,
which is contingent upon both UV light intensity,
exposure time, and wavelength for the DLP printing
system [184]. UV light intensity and exposure time can
directly impact gelation kinetics, rheological properties,
mechanical performance, and degradation behaviour
of cured structures. Based on experience, a lower UV
light intensity with longer exposure time and suitable
working distance is optimal for DLP printing. Post-
curing combined with UV light exposure can be used
to modify the mechanical properties of printed struc-
tures [185–187]. UV irradiation energy directly affects
the crosslink density in UV-based photocuring. Upon
UV exposure, photosensitive resins solidify through
UV-induced chemical bond formation. Higher UV inten-
sity promotes stronger interaction between photons
and resin molecules, leading to increased energy
absorption; this enhances the generation of free radicals
and accelerates crosslinking, resulting in higher crosslink
density. However, excessive crosslinking can cause unin-
tended curing or occlusion of hollow structures,
affecting printing accuracy. In addition, insufficient UV
intensity leads to lower crosslink density, incomplete
polymerisation and decreased mechanical properties.
UV intensity and exposure time influence the intricate
relationship between UV energy and crosslink density.
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Thus optimising these parameters is crucial for achieving
the desired crosslinking density and material properties
in UV-based 3D printing. Finally, the printing accuracy of
micro-geometries is determined by print parameters
such as UV light source wavelength, UV light intensity,
exposure time and post-curing.

6.2 Resin system formulation

As previously mentioned, the photopolymerisation
process in DLP printing primarily relies on one or more
monomers, photo-initiators, photo-absorbers, etc., all
of which contribute to printing efficiency, accuracy and
mechanical properties. When considering a suitable
photo-initiator for a DLP polymer system, it is crucial
to consider the absorption spectrum and corresponding
extinction coefficient to determine the overall free
radical generation. The wavelength and absorption
spectrum of the UV light source must be considered,
as well as the degree of coincidence between the
photo-initiator absorption spectrum and the UV light
source [188]. The photo-absorber is another critical com-
ponent of the polymer system that affects the absor-
bance of the polymer system, thereby influencing the
vertical resolution of photopolymerised structures.
Ensuring the curing depth remains within the optical
depth of focus is crucial, as polymerisation can also
occur in the out-of-focus plane, leading to decreased
vertical resolution. Adding a photo-absorber to the
polymer system can increase the polymer system’s
absorbance coefficient, allowing thinner layers to be
printed. For example, the optimal photo-absorbers con-
centration for 3D printing of microfluidic devices with a

minimum layer thickness of 25 µm range from 0.2% to
0.3% [189]. Careful regulation of photo-absorbers con-
centration is necessary to ensure precise curing depth
while preventing inadequate crosslinking density.
Insufficient crosslinking density could result in a
reduced crosslinking rate and density of the polymer
system. Moreover, oxygen inhibition is a common
issue generally found in free radical photocuring appli-
cations [190]. Oxygen can inhibit photopolymerisation
by reacting with the reactive species generated during
photopolymerisation. The presence of oxygen can slow
down the rate of polymerisation. Adding oxygen inhibi-
tors and increasing UV light intensity and initiator con-
centration are common methods to reduce oxygen
inhibition.

In addition to the polymer components mentioned
above, researchers have found that adding nanoparti-
cles can improve printability, structure stability and
mechanical properties. However, the uneven distri-
bution of nanoparticles in the polymer system is a limit-
ation when directly mixing these nanoparticles with a
polymer system. To address this, some researchers
have proposed nanoparticle polymer composite
systems, such as the hydroxyapatite nanoparticles and
PmLnDMA proposed by Yang et al. in 2020 [191]. This
approach can enhance the inorganic-organic co-cross-
linked nanocomposite network, improving the polymer
system’s mechanical performance. The molecular
weight and concentration of the monomer also play a
critical role in determining the mechanical and physical
properties of the polymer system. Lower concentrations
of polymers can decrease the stiffness and enlarge the
pore size of the printed scaffold. At the same time,

Figure 11. The process parameters of DLP.
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higher molecular weight generally exhibits higher phys-
ical strength due to the less bendable bulk polymer
network. The viscosity of the initial composition that
increases as the polymerisation develops affects the kin-
etics from the start of the reaction, which mainly relies
on the characteristics of the polymer system, such as
molecular weight, chain length and intermolecular
forces [192]. DLP printing systems require low-viscosity
resins to ensure printing efficiency and avoid bubble for-
mations, which may affect the integrity of the printed
part. However, a too-low viscosity may hamper the
mechanical properties of the printed structure. There-
fore, viscosity and printing performance must be
balanced to achieve an optimum DLP process. Indeed,
an increase in viscosity of a low-viscosity system
increases the reaction rate until an optimum viscosity
(and hence the optimum reactivity) for a given system
is obtained, but exceeding this viscosity leads to a
reduction of the polymerisation rate and conversion
due to early dominance of diffusion-limited propa-
gation. For photopolymer systems of low- and high-vis-
cosity monomers, the optimum viscosity was found to
lie in the 3–5 Pa s [193].

The viscosity of light-curing resins significantly
impacts the printing efficiency in DLP processes. Upon
printing a layer of the structure, the printing platform
moves up or down, and the new layer is automatically
filled with resin before light curing commences. Ensur-
ing precise horizontal alignment of the newly filled
layer is paramount for achieving high print accuracy.
However, when the photopolymer exhibits high vis-
cosity during the auto-filling process, the return to a
horizontal state may be delayed, consequently
affecting the overall printing speed. To address the chal-
lenge of inefficient printing with high-viscosity photopo-
lymer, some commercial printers have introduced
‘scraper’ to facilitate photopolymer flow. The scraper
repeatedly moves back and forth across the photopoly-
mer surface, reducing waiting time and ensuring an
even distribution of the ‘filled photopolymer’. Nonethe-
less, incorporating scrapers in certain 3D bio-printing
applications may inadvertently damage delicate cells
and disrupt specific processes, making them sometimes
unsuitable as a fundamental solution for efficient high-
viscosity printing. Conversely, in low-viscosity photopo-
lymer systems, an increase in viscosity accelerates the
reaction rate, thereby enhancing optimal reactivity; the
optimum viscosity was found to lie in the 3–5 Pa s
[193]. The viscosity increases encounters limitations in
the light-curing reaction due to diffusion hindrance,
impeding the propagation of polymer chains. Conse-
quently, exceeding the threshold of the ‘ideal viscosity’
leads to decreased polymerisation rate and conversion.

Similarly, Careful consideration must be given to avoid
excessively low viscosity, which may adversely affect
the mechanical properties of the printed structure or
cause structural collapse, thereby compromising
overall printability. Achieving an optimal DLP process
necessitates a delicate balance between viscosity and
printability. Therefore, a comprehensive understanding
of the interplay between viscosity and printability is
indispensable in ensuring the success of DLP printing
processes, particularly when striving for high-efficiency
and high-precision results.

7 Precision microfabrication using DLP

DLP has been well used in printing microstructures and
micro components with applications of biomedical
engineering domains, microfluidic devices [194, 195],
meta-surfaces [196] and metamaterials [20]. It is particu-
larly useful as the fast-prototyping technology to fabri-
cate microfluidic devices for making the device itself or
master mould fabrication. Here we highlighted the pro-
gress of DLP 3D printing of microfluidic devices as a
demonstration example of the high-precision require-
ments of DLP for microfabrication. Microfluidic devices
have revolutionised the control and manipulation of
small fluidic streams, enabling high-throughput capabili-
ties and driving the miniaturisation of laboratory pro-
cedures [197, 198]. They have become indispensable in
biology [199, 200] and chemistry [201], where precise
manipulation and control of fluids in microliter quan-
tities are paramount. A fundamental goal in microflui-
dics research is the development of lab-on-a-chip
systems, which aims to condense traditional experimen-
tal and analytical instruments into miniature chip-based
formats [202]. DLP technology has emerged as the
leading choice for 3D printing in microfluidic mould pro-
duction. Compared to traditional microfabrication tech-
niques like lithography [203], wet/dry etching [20]. DLP
printing offers significant advantages, including rapid
printing, unparalleled accuracy, and superior surface
finishes, and thus enhances the design flexibility and
complexity achievable in microfluidic structures [204].
The manufacture of microfluidic chips in particular. Cur-
rently, microchannels are created on silicon or glass sub-
strates using photolithography and soft lithography,
which are then replicated onto PDMS [205, 206]. None-
theless, producing PDMS moulds through photolitho-
graphy is still time-consuming and costly [207]. In
recent years, DLP 3D printing has emerged as a next-
generation technique for printing complex 3D architec-
tures with micro-scale resolution; it offers superior
speed, resolution, scalability, and flexibility compared
to traditional methods [208]. Researchers are exploring
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the potential of DLP technology for microfluidics to
advance research and development in molecular diag-
nostics and research biology.

To demonstrate how a DLP printing system can print
microfluidic chips, Shallan et al. [209] demonstrated the
printing of microfluidic chips using a commercial DLP 3D
printer (Miicraft, Hsinchu, Taiwan). Using a one-step
exposure method based on DLP technology and Spot-
E elastic resin, Büttner et al. [210] have successfully fab-
ricated inertial microfluidic devices with intricate
channel geometries. Microscopic characterisation
revealed that these channels exhibited varying heights
ranging from 25 to 150 µm. Macdonald et al. [211]
used Fused Deposition Moulding (FDM), Polyjet, and
DLP-SLA technologies to print Y-junction microfluidic
chips. By utilising surface profilometry and scanning
electron microscopy (SEM) characterisation techniques,
the DLP-SLA-printed microfluidic chips showed the
smallest channel size (154 ± 10 µm) and the least
roughness values (Ra = 0.35 µm). van der Linden et al.
[212] optimised the microfluidic design and a desktop
DLP Printer to print the microfluidic chip within 15
min. Unlike PDMS, PMMA and other conventional elas-
tomers and thermoplastics, hydrogel-based microfluidic
chips are attracting increasingly more research atten-
tion. Microfluidic chips could be valuable in rapidly
integrating micro-tissue models into organs-on-chips
and high-throughput drug screening platforms.
Weigel et al. [189] proposed photopolymer resins for
a high-resolution DLP printing system, which consisted
of 2-phenoxy ethyl acrylate (POEA), 20% (w/w) 1,3,5-
triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione (TATATO),
0.1% (w/w) TPO and 0.225% (w/w) Sudan I to fabricate
flexible microfluidic devices. Bhusal et al. [213] devel-
oped a multi-material DLP printing system to print
hydrogel with a microfluidic chip (Figure 12a), which
consisted of a synthetic composite hydrogel bio-ink
consisting of PEGDA and GelMA and fabricated
different microfluidic chips with various project pat-
terns (Figure 12b).

However, the challenges of microfluidic chips based
on DLP technologies are precisely controlling the pen-
etration of light energy to print channel structures. The
UV light will penetrate the previously printed layers
when the DLP 3D printer cures the subsequent layers.
UV light irradiation could photopolymerise the resin
inside the microfluidic inner channel, causing blockage
and limiting monolithic-size microfluidic chips’
minimum inner dimensions [214, 215]. Gonghua et al.
[216] utilised a synthetic polymer based on PEGDA as
the monomer to print microfluidic channels (60 µm ×
108 µm) via DLP technology. Meanwhile, Gong et al.
[152] introduced a custom-designed digital light

processor stereolithographic (DLP-SLA) 3D printer,
along with a novel mathematical model aimed at accu-
rately quantifying the optical penetration depth of the
resin. The researchers conducted comprehensive charac-
terisation using SEM and optical microscopy techniques
to validate the flow channels with widths below 25 µm
and heights of 3 mm successfully printed.

Numerous approaches have been proposed to
achieve precise control and printing of microfluidic
channels with high accuracy. One approach involves
finding suitable print parameters during printing [217].
Another method involves incorporating photo-absorber
materials into the polymer system to reduce UV light
penetration [218, 219], thereby decreasing resin pen-
etration at the UV light source wavelength. However,
these two methods generally lead to channel heights
exceeding 100 µm or result in coloured printed struc-
tures, making it challenging to observe fluid flow
under a microscope. Building upon the theoretical
model of DLP, the third category utilises mathematical
models to predict the thickness of the over-cured layer
or optimise the process model to print microfluidic
chips. Recently, Xu et al. [220] optimised the printing
process using the ‘bonding’method, successfully achiev-
ing high Z-resolution (within 10 µm) and high accuracy
(within 2 µm) with a custom DLP 3D printing system
(Figure 12c). As shown in Figure 12(d), the channels
print was partially cleaved with the help of Aux e,
thereby effectively preventing UV light from penetrating
the channel and resulting in excessive curing and suc-
cessfully printing the microfluidic channels (Figure
12e). However, it is important to note that this method
is only suitable for the ‘Bottom to Up’ method, as the
‘Top to Down’ method cannot print microfluidic chips.
When using DLP 3D printing to produce microfluidic
chips, it is crucial to carefully consider various factors,
including how to achieve large-scale printing while
maintaining high resolution, precisely controlling the
height and width of the microchannel, and establishing
the relationship between process parameters and over-
cured thickness and width for high-resolution microflui-
dic printing.

In DLP high-precision printing, achieving accurate
fabrication of the minimum feature sizes is paramount
in realising the precision printing of micro-scale struc-
tures. The dimensional characteristics of these
minimum features can exert direct control over the func-
tionality and overall performance of the final printed
structure. However, attaining precise fabrication of
such minute dimensions presents a multifaceted engin-
eering challenge within the domain of DLP printing for
micron-scale structures. Several interrelated factors
influence this challenge:
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Figure 12. 3D-printed microfluidic chips based on DLP technology. (a) Schematics of the multi-material DLP printer and the fabrication process proposed for a hydrogel-based microfluidic
chip. (b) Microfluidic chips are fabricated with different patterns, reprinted by permission from [213]. (c) The homemade DLP 3D printer. (d) Fabrication of the channel roof using the aux
platform and the corresponding grayscale mask image. (e) Fabrication result of the microfluidic valve. Reprinted by permission from [213].
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. DLP printing system: DLP printing systems are
instrumental in achieving high-precision printing,
wherein the resolution of the DMD is a crucial determi-
nant of the minimum feature size. Concurrently, the
role of the internal light source and optical system
within the DLP printing system is critical in attaining
exceptional precision. The Projection contrast and dis-
tortion of the optical system significantly impact
project accuracy [221–223]. High-contrast optics are
crucial in reducing feature edge blurring and ensuring
precise projection of small feature edges onto the
photopolymer, thus enhancing print accuracy.
Optical distortions may decrease projection accuracy
and uneven energy distribution, consequently
affecting print accuracy. Addressing these challenges,
Chen et al. [224].proposed a mask graphics optimis-
ation method based on grey-level transformation pro-
cessing, resulting in improved fabrication resolution
for surface exposure rapid prototyping systems. Fur-
thermore, the integrated motorised stage governs
print accuracy in the vertical direction and regulates
vertical surface roughness. Hence, the DLP printing
system is pivotal in determining the achievable
minimum feature size, underscoring its paramount
significance in high-precision fabrication.

. Photopolymer system: The characteristics of the
photopolymer system play a pivotal role in determin-
ing and influencing the minimum printed feature size.
The viscosity, absorption, etc., properties of the
photopolymer directly impact the precision and capa-
bility of achieving printed accuracy. Photopolymers
with lower viscosity exhibit superior flowability,
enabling the seamless filling of intricate microstruc-
tures during printing, leading to higher precision
and smaller feature sizes [225]. The absorption prop-
erties of the photosensitive resin are crucial in deter-
mining the efficiency of light curing. Optimal
matching of absorption characteristics of photopoly-
mer with the light source enhances the curing
process, resulting in higher printing precision and
the ability to achieve better minimum feature sizes
[226]. In conclusion, the viscosity and absorption
properties of photopolymer directly influence the
accuracy of DLP printing and the capability to print
the minimum feature sizes. Thoughtful selection of
the appropriate type of photosensitive resin and stra-
tegic optimisation of its properties are paramount in
achieving superior printing accuracy and realising
improved minimum feature sizes.

. Process parameters: Process parameters are pivotal
in achieving the desired minimum feature size in
DLP printing. Precise control over parameters such
as print layer thickness, light exposure time, and light

intensity is essential for continuously optimising print-
ing results and improving printing accuracy. Reducing
the print layer thickness will promote the creation of
smoother curves and surfaces, ultimately enhancing
printing accuracy. Moreover, ensuring appropriate
light exposure time and intensity is vital for thorough
resin curing during the light process, leading to heigh-
tened printing accuracy and the attainment of smaller
minimum feature sizes. However, maintaining a deli-
cate balance between exposure time and light inten-
sity is crucial, as excessively long or short exposure
times can compromise print accuracy. In particular,
over-curing significantly impacts print accuracy, par-
ticularlywhendealingwith theprintingofhollow struc-
tures. Thoughtful consideration and systematic
adjustment of these process parameters are essential
to optimise the performance of DLP printing equip-
ment and resin, resulting in reduced feature sizes and
heightened printing accuracy.

When exploring the factors influencing DLP high-pre-
cision printing, it is particularly critical to gain a deeper
understanding and effective characterisation of the fea-
tures and properties of printed structures. A diverse
range of microscopy and surface topography analysis
techniques are commonly employed in DLP high-pre-
cision printing to assess the minimum feature sizes
and print quality. Optical microscopy, a non-contact
measurement tool, enables observation of surface mor-
phology and features at high resolution of the printed
structures, providing detailed images and quantifying
feature dimensions and shapes. SEM is invaluable for
evaluating micro and nanoscale features, offering
detailed morphology information through high-magnifi-
cation sample surface observation. Leveraging SEM,
precise measurements of minuscule feature dimensions
and morphology greatly enhance print accuracy and
achieve the minimum feature sizes. The ‘White Light
Interferometer’ also effectively measures surface rough-
ness, enabling highly accurate assessments of print
surface flatness and smoothness. These measurement
and characterisation methods are instrumental in
obtaining precise feature sizes and comprehensively
assessing print quality, further advancing DLP high-pre-
cision printing in microscale fabrication.

8 Trend of DLP towards high-precision
microfabrication

8.1 High precision

High-precision DLP printing means that the printing
system uses DMD to selectively cure the liquid resin
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layer by layer, ultimately enabling the ability to print the
minimum feature sizes. There are currently several
factors to determine the precision of microfabrication
for DLP. First, the precision of DLP microfabrication is
contingent upon selecting high-resolution DMD and
high-magnification projection lenses, developing high-
precision photopolymer resins, and using a precise
motorised stage. Optical projection systems are typically
incorporated into the DLP system to achieve high pro-
jection resolution. Sun et al. [14] successfully used DLP
with a 5:1 projection lens to fabricate complex 3D micro-
structures with a 0.6 µm feature size, while Zheng et al.
[4] enhanced the resolution of the DLP system by incor-
porating UV reduction optics (Magnification: 6:1),
leading to a final image resolution of 1.3 µm/pixel
(Figure 13a).

This improved DLP system enabled the production of
intricate 3D overhanging structures, including micro-
lattice unit cells (Figure 13b) and porous materials
(Figure 13c). Furthermore, several mature companies,
including BMF, have developed high-precision DLP 3D
printers with custom high-magnification projection
lenses, such as the ‘S130’ and ‘S140’, which have printing
resolutions of 2 and 10 µm, respectively. However, high-
magnification projection lenses can induce project
image distortion and low contrast, limiting the DLP
system’s resolution. Moreover, the resolution of the
DLP system is mainly dependent on the diffraction
limit of the optical system according to the ‘Abbe diffrac-
tion’ limit. Therefore, there exists a ‘limiting projection
size’ for DLP projection systems, and it will not be
reduced indefinitely. In addition, the research on

developing photopolymer resins for high-precision DLP
printing is also limited. Developing a suitable photopo-
lymer resin requires optimising the resin components,
formulations, and ratios of monomer, photo-initiator,
photo-absorber, etc. A high-precision photopolymer
system is critical to printing single-micron precision
hydrogel 3D structures. The precision of X, Y and Z
motorised stages also plays a crucial role in determining
layer thicknesses and positioning accuracy in the vertical
direction, thereby influencing printing precision. In DLP
3D printing, the horizontal resolution of the printing
system hinges upon the high-resolution DMD and the
high-magnification projection lens. Simultaneously, the
vertical resolution of the print is influenced by the
motorised stage, which is responsible for determining
the thickness of the print layer, thereby directly impact-
ing the final print speed and efficiency. When printing
the 3D structure, increasing the layer thickness can effec-
tively reduce the number of layers and shorten the print-
ing time, improving printing efficiency. However, a
larger print layer thickness will introduce a prominent
‘step phenomenon’ along the vertical direction,
affecting both the surface roughness of the structure
and the overall printing accuracy. Nevertheless, adopt-
ing smaller print layer thicknesses places higher
demands on the ‘Minimum Achievable Incremental
Movement’ and ‘Bidirectional Repeatability Accuracy’
of the motorised stage. With each motion, the stage
inevitably introduces motion errors, which can accumu-
late as the number of layers increases, ultimately
affecting the vertical accuracy of the printed structure.
Furthermore, reducing the thickness of the printed

Figure 13. (a) Schematic illustration of the PµSL system, (b) Micro-lattice unit cell structure, (c) Porous structure with tetrakaidecahe-
dron unit cell architecture Reproduced with permission from [4].
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layer results in a linear increase in printing time, conse-
quently reducing the printing efficiency. Presently, DLP
commercial or laboratory printing systems can print
layer thicknesses ranging from 10 to 50 µm, with some
high-precision systems achieving layer thicknesses of
10 µm or less. Hence, users need to exhibit flexibility in
selecting the appropriate layer thickness to strike a deli-
cate balance between print resolution and speed,
thereby achieving high print accuracy at the desired
printing pace. Therefore, a comprehensive approach
that optimises the motion, photopolymer, and projec-
tion systems is essential for obtaining high-precision
printing results and improving the overall accuracy of
microfabrication. Therefore, a comprehensive approach
to optimising machine, resin, and projection systems is
necessary to improve overall precision in
microfabrication.

8.2 Large-area printing

Achieving large-area printing with high resolution is a
significant challenge for advanced DLP printing
systems, particularly in applications like microstructure
fabrication, requiring a relatively large printing area.
Although polymers with high-resolution three-dimen-
sional micro-architectures offer numerous mechanical,
energy conversion, and optical benefits. However, the
printing area significantly hampers the applications of
high-precision 3D microarchitectures. Consequently,
exploring ways of achieving large-area printing with
high resolution is essential. Several techniques have
been proposed.

. Motorised stage: Motorised stage technology is
classified into two main categories: digital light
engine moves and build platform moves. Digital
light engine translation involves fixing the digital
light engine on a motorised stage, which moves
along the X–Y axis to enable large-scale printing. In
2002, Smith et al. [227] tried to fix a digital light
engine on a motorised stage with the X–Y translation.
The digital light engines along the X/Y axis corre-
spond to the motorised stage to get large-scale print-
ing (Figure 14a). The build platform translation is
currently the dominant method used on commercial
printers such as BMF and Nanofabrica, offering
better stability of projection images during printing.
Compared to digital light engine translation, fixing
the build platform on the motorised stage is more
stable and provides better stability of projection
images during the printing (Figure 14b). However, in
addition to the limitations imposed by the X/Y
motorised stage range, implementing motorised

stage stitching to enable large-area printing intro-
duces the possibility of ‘Bidirectional Repeatability’
errors. These errors can lead to overlapping or
gapped regions, significantly impacting print accu-
racy. Although image processing algorithms can
help mitigate some of these errors, the challenge of
minimising stitching errors remains.

. Multi-Projector: As shown in Figure 14(c), a multi-
projector is based on arranging multiple projectors,
and each projector covers a smaller image of the
printing platform [228]. However, this method has
not gained widespread popularity due to its high
cost and gaps between each projector projection
area.

. Multi-degree of freedom mechanism: In 2016, Wu
et al. [229] incorporated the Delta mechanism into the
DLP printing system to facilitate large-area printing.
This multi-degree mechanism enables the build plat-
form to move vertically along the z-axis and rotate
horizontally while holding the cured models (Figure
14d). However, using squares to cover rectilinear
polygons is challenging since most practical approxi-
mation algorithms are designed to handle only recti-
linear or orthogonal polygons. Thus Delta technology
has not been widely employed due to its algorithms’
complexity and limited universality [231]. Addition-
ally, implementing large-area printing with Delta
requires complex control procedures, and a compre-
hensive algorithm is also a significant limitation for
its development. As a result, there are currently only
a few applications of the DLP large-area printing tech-
nique using the multi-degree of freedom mechanism.

. Scanning mechanism: Researchers have also
attempted to combine scanning mechanisms from
laser-based stereolithography with the DLP printing
system to achieve large-area printing. The scanning
mechanism involves using a galvanometric mirror as
the scanning optics, where every projection area
acts like one pixel and projects into the photopolymer
resins (Figure 14e) [230]. This system allows the fabri-
cation of high-precision microstructures with feature
sizes exceeding four orders of magnitude (Figure
14g) and printing precision to single-micron accuracy
(Figure 14f). However, positional errors may be intro-
duced using a scanning mechanism like the
motorised stage stitching method. Therefore, the
scanning mechanism combines with DLP. Although
it proposes a new idea to get large-area printing,
the technology is not yet very mature and needs to
be optimised. In 2023, Xu et al. [232] introduced a
novel and efficient approach called hopping light
(HL) for achieving large-area printing. The method
involves leveraging the reverse rotation of ‘Galvo
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Figure 14. (a) Large-scale mask projection by moving projectors, reproduced from [227]. (b) Large-scale printing projection by
moving platforms. (c) Prototype of a delta DLP 3D printer, reproduced from [228]. (d) The Delta mechanism to realise large-scale
print, reproduced from [229]. (e) The large-area DLP printing system. (f) Optical microscope images of bulk hierarchical lattice material
with a network of hierarchical stretch-dominated octet unit cells. (g) Scanning electron micrographs of the hierarchical structure cross-
section of multiscale metamaterial unit cell, reproduced by permission from [230].
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mirrors’ and the movement of the image in each
cycle. By utilising the fast-rotating capability of the
‘Galvo mirrors’, a new cycle is initiated, enabling the
realisation of large-area prints. The HL technique
demonstrates high printing speed and coverage
efficiency, offering a promising solution for overcom-
ing the limitations associated with conventional print-
ing methods.

8.3 Multi-material printing

DLP is predominantly utilised in single-material printing
as an exact microfabrication technique. Nonetheless, the
exigencies of sophisticated printing necessitate the use
of multiple materials simultaneously. The increasing
demand for multi-material 3D printing has brought chal-
lenges that must be addressed. The main challenge is
effectively removing residual resins from the printed
structure and preventing mutual contamination. The
research community has responded by proposing six
main approaches for multi-material printing.

. Rotating Vat Carousel System: In 2004, Wicker et al.
[233] designed a multi-vat carousel system based on
a commercial 3D printer inspired by the microscope
converter to enable multi-material printing via DLP
technology. However, the spatial constraints
imposed by the multiple vats limited the system. In
2006, Wicker et al. [13] developed a new rotating
vat carousel system, which featured an enhanced
platform assembly and a multi-pump filling/levelling
mechanism. In 2009, Jae and Wicker et al. [15] intro-
duced a syringe pump subsystem for controlling the
dispensing of materials into the build vat, thereby
strengthening the system’s multi-material printing
capabilities. Subsequently, in 2011, Wicker et al. [16]
further improved the switching efficiency and mini-
mised material contamination by developing an auto-
matic levelling system and an improved rotating vat
carousel system. Despite these advancements, the
cleaning pool used in the multi-material printing
process was frequently reused, leading to mutual
contamination between the resins and reduced print-
ing efficiency. Additionally, changing resins necessi-
tated turning the rotating vat, which further
lowered printing efficiency. Thus, while this approach
addressed the issue of multi-material printing, its
practical applicability remained limited.

. Air-Jet: In 2018, Ge, Qi et al. developed a novel DLP
printing system. [24]. A new minimal-waste material
exchange mechanism was proposed by utilising an
air jet system that involves a borosilicate glass plate

coated with optically clear PTFE, which avoids cross-
contamination during multi-material printing (Figure
15a). This innovation eliminated the need for cumber-
some procedures and resulted in a 58% increase in
printing efficiency compared to existing studies that
employed cleaning solutions. Remarkably, the air-jet
cleaning method applied a pressure of 0.5 MPa,
which could potentially cause damage to soft
materials such as hydrogels and other polymer
systems. This method is only suitable for resins with
high mechanical strength since soft living cells and
encapsulation hydrogels may be adversely affected.
Moreover, in 3D bioprinting, the ‘Air-Jet’ method
may not be used for high-precision fabrication. None-
theless, the proposed approach effectively avoids
contamination by different resins in multi-material
printing.

. Microfluidic dispensing: The precise control of
droplet size in microfluidic chips presents an opportu-
nity to mix or extract multiple materials. Exploiting
this potential, Amir et al. [25] integrated a microfluidic
platform into a DLP printing system, as shown in
Figure 15(b). The authors demonstrated successful
printing of a rat vasculature network using GelMA
and PEGDA polymers, thereby confirming the viability
of multi-material printing with an integrated microfl-
uidic platform. However, the use of microfluidic chips
does not fully mitigate the risk of multi-material con-
tamination, and the narrow inner diameter of the chip
channel during material change can lead to inefficient
extrusion of resin. These challenges present limit-
ations for the widespread use of multi-material
printing.

. Pump transfer system: Extrusion-based technology
has been extensively used in multi-material 3D print-
ing. In 2019, Han et al. [234] developed a rapid print-
ing system for multiple materials, including valves,
pumps and outlets, to control the printing process
precisely. The developed system allows the fabrica-
tion of complex metallic, ceramic, and biomedical
structures by switching between micro- and nano-
particle suspensions during printing (Figure 15c).
While this printing approach effectively addresses
the challenge of multi-material printing, the pump
transfer system does not completely prevent material
contamination during the printing process with mul-
tiple materials.

. Magnetic and electric field excitation: Magnetic and
electric fields provide another means of controlling
material behaviour during multi-material 3D printing
[235]. The system employs a magnetic field to control
the direction of ceramic-reinforcing particles and
print ceramic/polymer composites (Figure 15d).
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Figure 15. Multi-material printing system based on the DLP technology. (a) The schematic of multi-material printing based on the air jet cleaning system and printing structures Repro-
duced with permission from [15]. (b) Schematic illustration of the multi-materials printing based on pump system, reproduced permission from [234]. (c) Schematic illustration of the multi-
materials printing based on microfluidic ship system, reproduced with permission from [25]. (d) Schematic illustration of the multi-materials printing based on the magnetic printing
system, reproduced from [235]. (e) Schematic illustration of the multi-materials printing based on the electrically assisted 3D printing device, reproduced by permission from [236].
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Similarly, Yang et al. [236] employed a rotating electri-
cal field to align multi-walled carbon nanotubes
(MWCNTs) dynamically. To control the orientation of
the MWCNTs, DC voltages were applied on two paral-
lel plate electrodes, generating a parallel electric field
(Figure 15e). The team successfully printed an artificial
meniscus and nacre-inspired hierarchical structures.
Although magnetic and electric field excitation
methods are applicable only under specific circum-
stances and for custom applications, they offer a valu-
able approach to high-precision multi-material
printing.

. Centrifugal multi-material printing: Ge, Qi et al. [237]
have presented a centrifugal multi-material (CM) 3D
printing method based on DLP technology that gen-
erates large-area, multi-material 3D structures. Using
centrifugal force, non-contact and high-efficiency
multi-material switching is achieved, enabling the
CM 3D printer to print heterogeneous 3D structures
in large areas (up to 180 mm× 130 mm) using
various materials, including hydrogels, functional
polymers, and ceramics. The modulus of the printed
material can span a wide range of eight orders of
magnitude (from 103 to 1011 Pa), and up to four
different resins can be printed. However, the
minimum achievable print feature size using the CM
printing method is limited to 500 µm, which falls
short of the requirements for high-precision micro-
fabrication. Therefore, print accuracy remains a
major constraint for the promotion of CM printing.

8.4 High-speed printing

As a rapid prototyping technology, how to achieve high-
precision fabrication and high-speed printing has con-
strained the development of DLP. Since the first propo-
sal of DLP today, there has been non-stop research and
innovation to achieve faster printing. Significant pro-
gress has been made to attain fast printing, and some
good designs have been successfully implemented in
commercial printers, further expanding the scope of
DLP printing. The following discussion focuses on such
high-speed printing:

CLIP: In 2015, Tumbleston et al. [22] introduced the
Continuous Liquid Interface Production (CLIP) concept,
which utilised Teflon film to generate an ‘oxygen-con-
taining dead zone’. This approach was predicated on
inhibiting oxygen in free-radical polymerisation,
employing an oxygen-permeable window [21]. The
dead zone thickness in Teflon film was around 20 µm,
allowing printing speeds to exceed 300mm/hour. Imple-
menting the dead zone design dramatically improved

printing speed, enabling the production of parts within
minutes instead of hours. However, this method’s
high-speed printing capability may come at the cost of
reduced accuracy, as the actual print accuracy is
around 70 µm.

CAL: Layer-by-layer printing may have limitations in
terms of printing efficiency. In 2017, Shusteff et al. [23].
proposed the use of volumetric build setups to fabricate
intricate millimetre-scale structures through holography
(Figure 16b). A proposed method involves using three
orthogonally directed light beams intersecting and
superimposing to compensate for the limited axial resol-
ution from the other beam directions. In 2019, Kelly et al.
[26] presented a manufacturing technique for achieving
volumetric photopolymerisation, computed axial litho-
graphy (CAL). This method involves rotating a photopo-
lymer in a dynamically evolving light field, as Figure16(c)
shows. Bernal et al. [27] demonstrated the ability of 3D
bioprinting with CAL (Figure 16d). They connected a
cell-laden gel resin reservoir to a rotating platform and
printed trabecular bone models with embedded angio-
genic sprouts and meniscal grafts (Figure 16e). The
CAL technology was then employed to project pictures
with rotational angles and a 405-nm UV light source.
After washing away the unpolymerised material, the
recovered cellularised construct had over 85% cell viabi-
lity. Toombs et al. [238] combined microscale CAL with a
photopolymer-silica nanocomposite to fabricate optical
components, truss and lattice structures, and three-
dimensional microfluidics structures. While CAL expo-
nentially increases print speed and enables high-speed
printing, it also sacrifices some print accuracy.

HARP: The utilisation of a ‘dead zone’, a thin Walker
et al. proposed an alternative approach that utilises a
mobile liquid interface in conjunction with stereolitho-
graphic technology to achieve rapid printing (Figure
16f) [28]. The mobile liquid interface reduces adhesive
forces, enabling faster printing. In the case of HARP,
different flow speeds have demonstrated distinct slip
boundaries. Using HARP, continuous vertical print rates
exceeding 430 mm/h were achieved with a volumetric
throughput of 100 l/h, resulting in proof-of-concept
structures made from hard plastics, ceramic precursors,
and elastomers (Figure 16g). However, HARP has a
print resolution of only 100 µm, making it unsuitable
for precision microfabrication despite its ability to
achieve fast printing over a large area. 100 l/h.

Dual light sources polymerisation: In 2020, Regehly
et al. [239] introduced the ‘Xolography technology’ that
utilises dual-colour techniques with photo-switchable
photo-initiators to induce local polymerisation within
confined monomer volume by intersecting light beams
of different wavelengths (Figure 16a). Successful
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Figure 16. High-speed printing system based on the DLP technology. (a) Rendered illustration of the printing zone and associated photoinduced reaction pathways of the DCPI: (i) spheri-
cal cage with the free-floating ball, 8 mm diameters, (ii) anatomical model derived from the Manix CTA dataset, 30 mm in width, reprinted with permission from [239]. (b) Holographic
volumetric 3D fabrication system schematic and example structures, repeated with permission from [23]. (c) Underlying computed axial lithography technology concept, repeated by
permission from [26]. (d) Overview of the volumetric bioprinting process. (e) Schematic of tomographic projections used to print the human auricle model, repeated with permission
from [27]. (f) Scheme of a 3D printed part emerging from the HARP 3D printer and rigid polyurethane acrylate lattice printed in less than 3 h (vertical print rate, 120 µm/s; optical resolution,
250 µm), repeated by permission from [28].
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printing of hollowed-out solid structures (Figure 16a-i)
and a human face portrait (Figure 16a-ii) has been
achieved using this technology. Dual-wavelengths
have enabled volumetric printing without relying on
the conventional layer-by-layer stacking of vat photopo-
lymerisation. Scott et al. [240] introduced bis[2-(chloro-
phenyl)−4,5-diphenylimidazole] (o-Cl-HABI), a photo-
absorber to the CQ-EDAB photo-initiating system.
Upon 365 nm UV irradiation, o-Cl-HABI inhibits photopo-
lymerisation. In contrast, upon exposure to visible light
(470 nm), o-Cl-HABI displays high transparency, while
the CQ-EDAB photo-initiator exhibits strong absorption,
allowing for efficient photopolymerisation. As a result,
this technology enabled the single-step volumetric fab-
rication of complex objects and rapid 3D printing.
However, the ‘Xolography technology’ resolution is
approximately ten times higher than computed axial
lithography without feedback optimisation. Although
this technology can print with high precision and
speed, it has specific photopolymer resin requirements
that need to be addressed before it can be widely
adopted. The final printing speed and resolution of the
‘Xolography technology’ are about 55 mm3 s−1 and 25
µm, respectively.

9 Conclusion

This review focuses on developing equipment, materials,
and processing for DLP in the realm of AM. The article
provides an overview of commercially available DLP
printers. It evaluates the strengths and limitations of
existing systems in terms of high-resolution, large-area
printing, multi-material printing, and high-speed print-
ing. The working principle and mathematical models
based on photo-polymerisation under DLP are explained
in detail, and the fundamental components of polymer
interaction with the UV light source are elucidated. The
composition of photopolymer resin is analysed using
theoretical models to describe the photocuring
process under DLP. In addition, the article discusses
the advanced microfabrication of living materials, hydro-
gels, and conventional photocurable resin for microfab-
rication, such as microfluidic chips. Despite the rapid
development of DLP printing systems, this versatile
microfabrication technology still faces significant chal-
lenges in achieving high-resolution, large-area printing
and multi-material printing.

. First, achieving high-resolution 3D complex micro-
structures requires a DLP printing system with high
resolution, a suitable polymer system, and processes
directed by precise mathematical model analysis.
While some DLP projectors can provide a resolution

up to a single micron, UV light penetration cannot
be precisely controlled, which easily causes over-
cured structures. Consequently, the actual printing
resolution is always worse than the theoretical one.
Achieving high-precision printing in DLP technology
remains a significant challenge, although future
advancements promise to establish correlations
between process parameters, polymer systems, and
printing accuracy. Artificial intelligence (AI) presents
a potential avenue for exploring such relationships
and eventually enabling high-precision printing.
However, attaining fine-scale printing with excep-
tional accuracy currently poses ongoing difficulties
within DLP printing. Addressing these challenges
and developing robust solutions will be essential for
advancing the capabilities of DLP technology in
achieving precise and intricate prints.

. Second, high-precision large-area printing is a chal-
lenging task for DLP systems. Current industrial and
academic development often utilises a motorised
stage to achieve high-precision, large-area printing.
However, a motorised stage inevitably introduces
inherent positioning errors such as bi-directional
repeatability. Although some image processing algor-
ithms, such as the grey algorithm, can compensate for
the loss of stitching accuracy due to large printing
areas, they use fuzzy algorithms to lose accuracy in
exchange for compensation and do not substantially
improve accuracy against stitching errors. Addition-
ally, the slicing software needs to cut up many two-
dimensional images and send them to DLP light
engines to project on the photopolymerisation
resins. However, the memory of DLP light engines is
limited, and they can only store a few images. Some
researchers have developed a specific software
module to store these images on a third-party com-
puter and use C language or G-code to transfer
images to DLP light engines for processing. Nonethe-
less, this method is neither stable nor convenient.
Optimising image processing and storage technol-
ogies is critical to developing an efficient DLP printing
system. · Third, the inability to achieve a perfect
multi-material printing system severely restricts the
development of DLP printing system applications.
Although various system designs are available to
complete multi-material printing, such as a multi-
rotational vat, combining the extrusion nozzle to
deposit different materials in different boxes into a
glass plate or combining with microfluidic dispensing,
the design of multi-material printing remains imma-
ture. It is usually time-consuming and cannot avoid
materials contamination. Qi Ge [24] proposed using
air pressure to generate air to prevent this problem.
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However, this method is not compatible with some
hydrogels or soft polymer systems in 3D bioprinting,
and it is only suitable for rigid materials with high
mechanical strength. Furthermore, the cells need to
be encapsulated by a hydrogel system. Therefore,
developing a multi-material system that enables
printing without material contamination and
imposes no constraints on the choice of printing
materials will be a persistent challenge in advancing
DLP technology. Overcoming this challenge is para-
mount for expanding the capabilities and appli-
cations of DLP-based 3D printing. Lastly, the
polymer system significantly influences the mechan-
ical properties, printing resolution, and speed of
DLP printing. Thus, determining the appropriate
photopolymer resin compositions and corresponding
concentration is crucial for high-resolution DLP print-
ing. Commercial DLP 3D printers offer a range of
custom-specific resins and related process par-
ameters. However, customers who want to print
complex microstructures can only use the proprietary
resins provided by the suppliers. This is particularly
problematic for research, as the material system and
process are not open. Developing new materials,
such as nanomaterials printing, gradient materials
printing, drug printing, intelligent materials printing
and determining materials, requires significant effort
to achieve the optimal process for high-precision,
high-resolution printing of microstructures. AI will
play a pivotal role in printing materials in the future,
as the process determines if the material’s properties
and process characteristics can be extracted well.

In conclusion, we contend that DLP 3D printing rep-
resents a highly versatile and capable AM technology
for micro-scale fabrication, offering high-precision,
large-area, and multi-material capabilities. Industrial-
scale DLP systems have already demonstrated their
ability to fabricate microdevices with remarkable pre-
cision, and we anticipate continued progress in develop-
ing living materials, soft polymers, and functional
nanomaterials. Further advances in DLP printing will
rely on improved high-precision image stitching, multi-
material switching, and process optimisation. AI-driven
process optimisation is one promising avenue for explor-
ing the printing of multi-scale features, ranging from
single to hundreds of micrometres, with high precision.
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