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Abstract

Digital light processing (DLP) is a widely adopted three-dimensional (3D)
printing technology in dentistry that utilizes digital micromirror devices for
photopolymerization. The quality of DLP-printed dental products depends on
printing parameters. This review synthesizes how printing orientation, support
design, layer thickness, exposure time, post-processing, and their interactions
influence key quality attributes, including dimensional accuracy, mechanical
properties, and efficiency, with the aim of proposing practice-oriented fabrication
guidance for dental products. Among the evaluated parameters, printing orientation
is particularly critical because its optimal selection depends on the geometry and
clinical requirements of the specific clinical product. Printing orientation directly
influences printing quality through critical surface orientation, model height, and
interlayer cohesion area, and indirectly affects printing quality through other printing
parameters. Current research is constrained by reliance on standard specimens
and oversight of parameter interactions, necessitating the development of clinical
scenario-specific printing workflows and material-oriented guidelines.

Keywords: Digital light processing; Three-dimensional printing; Printing orientation;
Support design; Layer thickness; Exposure time; Post-processing

1. Introduction

Additive manufacturing (AM), commonly known as three-dimensional (3D) printing, is
defined as the process of joining materials to fabricate parts from 3D model data, typically
in a layer-by-layer manner.'” The American Society of Testing Materials standard
classifies AM into seven categories based on its technical principles. In dentistry, while
powder bed fusion is mainly utilized for metallic removable partial denture frameworks
and implants, and material extrusion for diagnostic models, their clinical applications
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are often constrained by high equipment costs, rough
surface, or limited dimensional accuracy.*>** Conversely,
vat photopolymerization (VP) has become the leading
option for dental applications, enabling the fabrication
of a wide range of devices, including surgical splints,
provisional restorations, and aligners.”® Its relatively low
equipment burden, compact footprint, and rapid workflow
also make it suitable for chairside and in-office use.
Additionally, VP can reproduce fine anatomical details
with high-dimensional fidelity and smooth surfaces, which
are critical for marginal adaptation, internal fit, occlusion,
and patient comfort.'® Among VP techniques, digital
light processing (DLP) has become the most prominent,
currently accounting for approximately 37.5% of the dental
3D-printing market.>'""?

Digital light processing employs digital micromirror
devices (DMDs) to project ultraviolet light onto
photosensitive resin, initiating photopolymerization and
layer-by-layer curing to produce high-resolution dental
products.® By leveraging DMD chips with millions of
independently adjustable micromirrors, DLP achieves
micron-level accuracy through mask projection-based
exposure."*’* This mechanism offers a superior balance
of precision, speed, and reliability, particularly for small,
intricate dental products.'*'*"” Although DLP isless suitable
for large-scale objects, it offers clear advantages for dental
applications that demand efficient production and high-
dimensional fidelity.!®** In comparison, stereolithography
is a mature and versatile technology, but its point-by-point
laser scanning process reduces fabrication efficiency in
routine dental workflows.?® Liquid crystal display printing
provides a relatively accessible and high-resolution
alternative, but is limited by lower light intensity, light
leakage, and the finite service life of the display panel.**

Despite the technical superiority of DLP, its full
clinical implementation remains challenging because
printing parameters are non-standardized and must be
tailored to different dental products. This reflects both

the patient-specific geometries of dental devices and the
limited consideration of multi-parameter interactions
in current studies. Accordingly, the aim of this practice-
oriented review is to examine how printing parameters
and post-processing steps affect the dimensional accuracy,
mechanical properties, and efficiency of DLP-printed
dental products, and provide practical guidance for
workflow optimization in clinical practice and research.

2. Fundamentals of digital light processing
in dental applications

2.1. Basic workflow of digital light processing in
dental applications

In dentistry, the 3D printing fabrication of a designed
product involves three essential stages: slicing, printing, and
post-processing (Figure 1).27** During slicing, the digital
3D model is partitioned into multiple two-dimensional
cross-sections, and mask images are sent to the DMD chip,
which then reflects ultraviolet light according to the pattern
to cure the resin layer.”® Subsequently, the photocurable
resin is solidified in a layer-by-layer manner according to
the specified parameters in the printing process until the
product is complete.”® The final stage is post-processing,
including support removal, cleaning, post-curing, and
surface finishing, thereby enhancing the dimensional
accuracy, mechanical properties, and efficiency of the
printed product.®

The qualities of 3D-printed dental appliances are
influenced by the combined effects of the printer, printing
materials, and printing process. In clinical practice, where
printer settings are often fixed, the quality of the final
dental products can be optimized by adjusting the printing
parameters and the post-processing workflow (Table 1).
The complex coupling mechanisms between printing
parameters and quality metrics in DLP are systematically
synthesized in Figure 2, providing a structured framework
for understanding how printing orientation, support
design, layer thickness, exposure time, and post-processing

Figure 1. Workflow of DLP 3D printing in dentistry. (A) Model slicing process. (B) DLP 3D printing process. (C) Post-processing process (i) support
removal, (ii) cleaning, (iii) post-curing, (iv) surface finishing (grinding and polishing).
Abbreviations: 3D: Three-dimensional; DLP: Digital light processing. DMD: Digital micromirror device. UV: Ultraviolet.
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Table 1. Definitions of the three-dimensional printing process parameters

Three-dimensional printing

process parameter

Definition

Printing parameters

Printing orientation

Support design

Overhang area

Support tip diameter

Support middle diameter

Density of supports

Exposure time

Layer thickness

The placement angle of the printed product on the build platform?

Temporary structures added to maintain the shape and stability of the printed product®®

A downward-facing region of a part that extends beyond the layer beneath it and lacks sufficient support contact
during fabrication, thus requiring additional support structures to prevent sagging or delamination?

The diameter at the very top of the support structure, where it directly contacts the model*

The diameter of the middle section of the support post, which determines the overall strength and rigidity of the
support structure®

The quantitative measure of support points distributed per unit area of support-relevant overhang regions, often
expressed via contact point spacing®

The duration of light exposure for curing a single layer®

The thickness of each sliced layer during the layer-by-layer slicing process*

Post-processing

Support removal

Cleaning

Post-curing

Post-curing time

Post-curing temperature

Post-curing wavelength

Gaseous environment

Surface finishing

The mechanical or chemical removal of auxiliary support structures attached to the part*

The removal of residual material, powder, or impurities from the surface of the workpiece through physical or
chemical methods*

Also known as secondary photopolymerization, a process that further cures the material through light exposure or
heating®

The required time for the material to reach the target curing state

The ambient temperature during post-curing, which regulates the molecular reaction rate

The wavelength of the light source used for post-curing®®

The gaseous environment in which the printed part is placed during post-curing®

Operations such as grinding or polishing are performed on the surface of the workpiece*’

DLP 3D printing parameters in dentistry

collectively influence dimensional accuracy, mechanical
properties, and efficiency.

2.2. Comparison of dental and conventional
engineering digital light processing workflows

Compared with conventional engineering DLP, dental
DLP is inherently more practice-oriented because it is
based on patient-specific, clinically constrained geometries

and is evaluated primarily by clinical fit and functional
acceptability rather than nominal dimensions alone.**
Accordingly, parameter selection in dental DLP must
prioritize protection of critical fitting and aesthetic areas,
while material selection and post-processing are further
constrained by indication-specific requirements, such as
biocompatibility.?”*+** However, conventional engineering
DLP often prioritizes dimensional tolerance, engineering
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Table 2. Comparison of dental and conventional engineering digital light processing workflows

Workflow aspect

Practice-oriented dental requirements

Conventional engineering requirements

Design input

Primary target

Orientation strategy

Material selection

Derived from patient-specific anatomical data, with highly
individualized and clinically constrained geometries*

Defined by clinical fit, marginal adaptation, and functional
acceptability*!

Determined by the need to protect critical surfaces, with
printing orientation and support placement adjusted
accordingly®

Selected based on clinical indication and biocompatibility®

Typically derived from standardized computer-aided design
models or prototype geometries*

Defined primarily by dimensional tolerance and engineering
performance®

Determined by the need to ensure build stability and
manufacturability, with printing orientation and support
placement adjusted accordingly™

Selected based on mechanical and thermal properties

Post-processin . .
P & dimensional accuracy*>*

Strictly controlled to reduce residual monomer and ensure

Allowed to accommodate broader process tolerances®

functionality, and broader manufacturability. These
distinctions are summarized in Table 2.

2.3. Printing materials for digital light processing in
dental applications

To meet dental requirements, DLP materials must
provide not only adequate dimensional accuracy and
mechanical strength, but also biocompatibility, aesthetics,
and intraoral stability. Accordingly, materials should be
regarded as integrated photocurable systems in which
the resin composition, photoinitiator chemistry, and
light-modulating additives collectively determine curing
behavior, cytocompatibility, and application-specific
suitability.>*

Common dental DLP resins are predominantly
methacrylate-based and include urethane dimethacrylate,
triethylene glycol dimethacrylate, and high-viscosity
polyurethane-derived macromonomers.® In ceramic
DLP, these organic matrices also function as photocurable
binders for highly filled suspensions. Depending on the
indication, formulations may incorporate fillers such
as barium glass or ytterbium trifluoride to improve
mechanical properties, wear resistance, and radiopacity.®
From a materials design perspective, the key requirement
is to balance printability and optical control with an
adequate degree of conversion, low residual cytotoxicity,
and application-specific mechanical performance.

Photoinitiators are equally important because they
directly affect curing efficiency, degree of conversion,
and biocompatibility. In dental DLP, phenylbis(2,4,6-

trimethylbenzoyl) phosphine oxide (TPO),
camphorquinone, and related phosphine oxide-based
systems are commonly used to initiate crosslinking
under near-ultraviolet or visible light, depending on the
resin formulation and irradiation wavelength.”” Their
concentration must be optimized in conjunction with the
resin matrix and post-curing protocol, as it influences cure
depth, mechanical properties, color stability, and residual
toxicity.

Recent studies have illustrated the interplay among
resin chemistry, photoinitiator concentration, and post-
curing conditions in shaping dental material properties.
For instance, Gavioli et al* reported that 1 wt.%
TPO combined with 30 min of post-curing produced
provisional resins with balanced mechanical performance,
cytotoxicity, and color stability, whereas tuning the
urethane macromonomer structure has been demonstrated
to improve fracture toughness without compromising
flexural performance.®®

3. Printing parameters and their impact on
printing quality
3.1. Printing orientation

Prior studies have indicated that printing orientation
is a key determinant of dental appliance quality, and

its influence spans dimensional accuracy, mechanical
performance, and production efficiency (Table 3).

In practice, this parameter primarily determines the
printing orientation of the model, which in turn influences
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Figure 2. Correlation and interaction network of critical printing parameters influencing print quality. Red arrows indicate positive correlations, blue
arrows indicate negative correlations, and black dashed lines indicate interactions between parameters. (A) Printing orientation. Orientation should be
adjusted to avoid support contact on critical surfaces (e.g., functional or intaglio surface) to preserve surface quality. Increased model height due to different
orientations amplifies the staircase effect, leading to reduced dimensional accuracy and efficiency. Orientation also determines the effective interlayer
cohesion area: a larger area enhances interlayer cohesion strength. (B) Support design. Increasing the support area and volume improves fabrication
stability and reduces deformation; however, excessive supports increase surface roughness and the effort required for removal. (C) Layer thickness and
exposure time. Layer thickness is negatively correlated with vertical accuracy, and increasing the layer thickness will also make the staircase effect more
pronounced. Adequate exposure time promotes polymerization depth, thereby enhancing mechanical properties. (D) Post-processing. Supports are
removed after printing. Prolonged post-curing time strengthens interlayer cohesion, whereas excessive cleaning duration may detrimentally affect it.

Surface finishing minimizes surface roughness.

the orientation of critical functional surfaces, the model
height, and the interlayer cohesion area. Prioritizing the
avoidance of support contact on critical surfaces (e.g.,
functional or intaglio surface) can significantly reduce
the impact of support residue on the accuracy and surface
roughness of critical surfaces.”” This enhances dimensional
accuracy and surface quality in clinically relevant regions.
However, different orientations alter the model’s height
along the z-axis. Increased model height implies more
printed layers, extended printing time, and potential
accumulation of layer-to-layer errors, adversely affecting
vertical dimensional accuracy.”””? Meanwhile, adjusting
the printing orientation to increase interlayer cohesion
area enhances interlayer bonding strength and structural
stability, thereby improving both stability and mechanical
properties.”

The impact of printing orientation on dimensional
accuracy varies across different dental products. At a

fundamental level, laying the model flat reduces the
print height, thereby ensuring dimensional accuracy.
For dental models, orientations of 30° and 60° resulted
in higher accuracy, particularly when combined with
smaller layer heights®, while for crowns and denture bases,
orientations of 135° and 150° improved overall printing
accuracy and reduced deformation.®** Occlusal splints
for temporomandibular disorders exhibited the highest
accuracy when printed at 0° and 30°.”° Similarly, implant
surgical templates printed at 0° showed superior intaglio
surface accuracy with minimal deformation.® Moreover,
orthodontic aligners reached optimal accuracy at 90°.¢

Adjusting the printing orientation to increase the
interlayer cohesion area can effectively enhance the
mechanical properties of the model. It has been reported
that an orientation of 90° generally demonstrates superior
performance, as specimens printed in this orientation
exhibit the highest flexural strength and modulus.”*"
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Therefore, clinicians are advised to select the printing
orientation based on the core requirements of each dental
appliance.

3.2. Support design

As temporary auxiliary structures, supports provide
essential mechanical reinforcement for overhangs, holes,
and other complex geometries of printed products, helping
to prevent warping, deformation, and sagging caused by
gravity or thermal stress. Moreover, supports ensure firm
adhesion of the printed products to the build platform,
maintaining geometry stability throughout the layer-by-
layer printing process.®*”* Common definitions of support
settings are shown in Table 1.

In dental applications, where critical surface quality
and aesthetic flawlessness are paramount, support
settings must be rigorously optimized. By adjusting print
orientation, support structures can be avoided on critical
surfaces. The basic principle of support design is to
minimize the volume of support, while ensuring functional
reliability.* Typically, support generation is mandated for
areas with horizontal spans exceeding 5 mm or vertical
angles surpassing 45°.*' Excessive supports are undesirable
as they degrade the surface quality, increase material
consumption, and complicate post-processing.?*58!
Interestingly, Cao et al.”*> proposed a level-based scaffold
structure that increased spatial efficiency by approximately
4.5-fold while preventing interference with functional or
aesthetic surfaces, which provided valuable insight for
developing next-generation support strategies in dental
3D printing.

The support diameter, typically divided into a tip and
a middle diameter, is a critical factor influencing product
surface quality and stability. Different dimensions are
typically recommended for different support locations.
For tip support structure, a support tip diameter of 0.4
mm is typically recommended for most dental resin
materials, which provides a balance between mechanical
strength and ease of removal.*>®* For middle supports, the
diameters generally range from 0.6 to 1.2 mm, and can be
increased to 1.8-2.0 mm for heavy or tall regions to prevent
fracture.® Hussein et al.®® demonstrated that removable
partial dentures printed with thin supports (1.2 mm)
showed a dimensional deviation of 0.061 mm, significantly
better than the 0.098 mm observed with thick supports
(1.5 mm), which were associated with greater overall fit
deviation. Support density, which can be adjusted via the
touch tip distance function in the slicing software, also
affects printing speed, ease of removal, and mechanical
performance. Although systematic studies on the support

density of dental products are limited, manufacturer
guidelines commonly recommend 5 mm spacing to meet
routine needs.”® For heavy or deformation-prone regions,
higher support density may be necessary.

3.3. Layer thickness and exposure time

In 3D printing, layer thickness and exposure time jointly
control the curing behavior of each layer, thereby affecting
the printing accuracy and mechanical performance (Table
1). Layer thickness is negatively correlated with vertical
accuracy, as thicker layers exacerbate the staircase effect
and reduce vertical accuracy."”** However, increasing the
layer thickness can also reduce the number of sliced layers,
thereby improving efficiency. Additionally, extending
exposure time increases polymerization and crosslink
density, thereby enhancing interlayer cohesion and
improving mechanical properties.* Yet, excessive exposure
may cause overcuring and light scattering, potentially
compromising dimensional accuracy.®® Therefore, layer
thickness and exposure time require coordinated control
rather than isolated optimization.

For anterior restorations with high aesthetic demands,
a thin layer (25 pm) is preferred to ensure superior
surface quality and optical properties, thereby reducing
food debris accumulation and improving oral hygiene.®
For posterior restorations requiring high mechanical
performance, a 50 um layer thickness with a longer
exposure time is recommended, although this may slightly
reduce dimensional accuracy.**”* Typically, exposure time
increases proportionally with layer thickness to ensure
complete polymerization without overcuring or loss of
detail. In practice, optimal exposure time generally falls
within a narrow range of 3-5 s, although specific settings
should be adjusted according to the manufacturer’s
recommendations for each resin type.”**

3.4. Post-processing methods and optimization
details

3.4.1. Support removal

In dental 3D printing, most products require supports,
making support removal an unavoidable step in post-
processing. The typical method is manual removal with
scissors or other fine instruments.” Although time-
consuming, careful handling is essential to avoid surface
damage, which could compromise aesthetics and overall
integrity.¥’

3.4.2. Cleaning

Due to the complex geometries, such as undercuts and
pores in dental devices, residual resin is easily retained
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within the printed structure. Complete removal of residual
resin is vital to ensure the biocompatibility of the final
product. However, the cleaning process involves a critical
trade-off: while insufficient washing increases cytotoxicity
and compromises dimensional accuracy, excessive
solvent penetration can induce material degradation and
weakened interlayer adhesion, resulting in delamination
and fracture.® Therefore, optimizing washing parameters
is essential to strike a balance between biological safety,
dimensional accuracy, and mechanical properties. Relevant
studies are listed in Table 4.

For isopropyl alcohol (IPA), the most widely
investigated solvent, studies generally suggest that a
washing duration of 5-10 min achieves an optimal
balance between resin removal efficiency and mechanical
properties for most temporary and clear resins.* Xu et
al®® demonstrated that a five-minute IPA wash effectively
eliminated cytotoxicity caused by methyl methacrylate
monomers, whereas prolonged washing (12 h) failed to
further improve biocompatibility and instead caused
surface cracking, drastically reducing flexural strength
from 194.3 MPa to 92.1 MPa. Conversely, for tripropylene
glycol monomethyl ether, Hwangbo et al.*® observed that
a 90-min wash duration resulted in significantly higher
cell viability (80.79%) than shorter cycles (3-5 min).
These discrepancies underscore the need to tailor washing
protocols to specific compositions.

Additionally, specialized cleaning agents such as Yellow
Magic 7 and RESINAWAY could be considered, as they
have demonstrated advantages in maximizing mechanical
performance. Mayer et al.®® reported that specimens
cleaned with Yellow Magic 7 exhibited significantly higher
fracture loads than those treated with IPA. Moreover,
Lambart et al®* confirmed that the specialized solvent
has no measurable negative effect on surface topography,
roughness, or cytotoxicity, ensuring that pursuing higher
mechanical strength does not compromise biological
safety or surface quality.

3.4.3. Post-curing

During photopolymerization, not all monomers fully
polymerize, leaving printed products with suboptimal
mechanical strength, biocompatibility, and surface quality.
Post-curing addresses this limitation by exposing the
prints to additional light energy. To achieve optimal results,
factors such as post-curing time, temperature, wavelength,
and gaseous environment must be considered (Table 1).
Numerous studies have explored appropriate post-curing
conditions (Table 4).

Appropriate post-curing enhances surface quality and

optical properties while reducing residual monomers that may
irritate oral tissues. A curing duration of 5-20 min generally
meets clinical requirements for most applications.*>!!
Nevertheless, further extension of curing time increases
the degree of conversion (DC) and mechanical stability, as
demonstrated by Finck et al.”® with 30 min dual-wavelength
curing and by Kirby et al.**, who reported significantly
higher DC after 45 min compared with 15 min. However,
prolonged curing time may reduce dimensional accuracy
due to resin shrinkage during crosslinking.'”® Therefore,
practitioners are advised to extend curing durations when
feasible to maximize mechanical integrity, while carefully
balancing the pursuit of optimal geometric stability and
clinical workflow efficiency.

Moderate thermal assistance promotes polymerization
and enhances strength and hardness, with optimal curing
temperatures consistently reported between 40 °C and
80 °C.***%7 Topsakal et al.”” showed that curing at 60 °C
for 30 min achieved color stability comparable to longer
protocols, while excessive temperatures may cause
thermal stress or warpage.'® Efficient curing also requires
wavelength matching to resin photosensitivity. Moreover,
nitrogen-protected post-curing effectively suppresses
oxygen inhibition, leading to higher DC, improved
dimensional accuracy, enhanced wear resistance, and
better biocompatibility.****!% Manoukakis et al.*® reported
arapid DC increase to >96% within 1 min under nitrogen.
Sahrir et al®® reported that optimized irradiance further
contributes to curing efficiency, with 210 mW/cm? for 10
min yielding the highest trueness in fixed dental prosthesis.
Overall, balanced curing durations, moderate thermal
assistance, wavelength-matched irradiation, and nitrogen-
protected environments constitute the most effective
strategy for producing clinically reliable dental 3D printed
restorations.

In clinical practice, however, post-curing protocols
should be individualized according to treatment priorities:
when mechanical strength and durability are paramount,
more intensive post-curing is appropriate, whereas cases
requiring dimensional fidelity or long-term flexibility
may benefit from avoiding excessive curing conditions,
particularly prolonged exposure time or elevated
temperature.

3.4.4. Surface finishing

Surface finishing, as the final stage of post-processing,
is critical for determining the ultimate quality of dental
products. By effectively reducing surface roughness, this
step minimizes microbial adhesion while enhancing
aesthetic appearance and patient comfort.®'**
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In clinical practice, the typical procedure comprises
three sequential steps. First, the printed surface is sanded
with 120-grit sandpaper to remove support residues and
irregularities. Next, a wool wheel mounted on a polishing
machine is used for pre-polishing to level the surface.
Finally, a brightener, along with a universal plastic
polishing paste, is applied to achieve a smooth, aesthetic
surface.'®

4, Clinical implications and practical
guidelines

4.1. Printing efficiency and its influence on clinical
workflow

nano-wear resistance across materials and printers,

and increased overall wear resistance under a

protective nitrogen atmosphere
of conversion (69.6%) at 45-min curing, significantly

Post-curing reduced leachables and residual
photoinitiators, increased cell viability (>76%),
confirming improved biocompatibility, enhanced
thermal stability, optimized tensile strength and
stiffness with moderate ductility, and stabilized
polymer networks against aging

resistance of DLP-printed hard resins, improved
Phrozen Cure V2 achieved the highest mean degree
higher at 45 min than 15 min (p < 0.001)

Nitrogen post-curing enhanced microwear

Key effect

Printing efficiency in clinical and laboratory dental
applications depends mainly on the number of prints
per build and the total printing time. The number of
prints is strongly influenced by the printing orientation.
By optimizing the spatial arrangement of models on the
build platform, more products can be fabricated in a
single printing cycle. Printing time, on the other hand,
is determined by the product of the number of slices (
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4.2, Common problems in clinical practice and
solutions

In photopolymerization-based 3D printing, six common
issues are typically encountered (Figure 4; Table 5): build
plate adhesion failure, delamination, surface roughness,
support failure, dimensional inaccuracies, and mechanical
issues.

Build plate adhesion failure is often attributed to
improper leveling or insufficient bottom exposure,
preventing the initial layers from bonding firmly to
the build plate.*'® Delamination is usually associated
with inadequate exposure, rapid lifting, or weak
supports.>>!7-1% Surface roughness commonly results from
miscalibrated exposure settings, resin contamination, or
incomplete cleaning. Support failures typically occur due
to suboptimal support design, which may cause breakage
or removal difficulties.”®*! Dimensional inaccuracies
may arise from overexposure, resin sedimentation, or
environmental fluctuations such as changes in temperature
or humidity.” Finally, mechanical issues are often linked
to loose z-axis screws or worn components, compromising
printing stability and precision.'® Therefore, key strategies
to minimize printing failures and enhance overall quality
include proper calibration of exposure and leveling,
along with optimized support design, standardized resin
handling, and regular equipment maintenance.

4.3. Regulatory and technical considerations

Although dental DLP has advanced rapidly, its regulatory
and technical framework remains underdeveloped. Most
existing dental standards were established for conventional

materials and manufacturing routes and therefore do not
adequately address the distinctive features of 3D printing
or the material-software—process interactions involved
in DLP fabrication.! As DLP-printed dental devices are
already entering clinical and commercial use, this gap
complicates the assurance of safety, efficacy, and quality.
Regulatory frameworks tailored to dental DLP are
therefore needed, with particular attention to material
selection, software validation, and control of the overall
manufacturing workflow.

Atthe material level, current International Organization
for Standardization (ISO) standards provide only partial,
indication-specific guidance for dental polymers, such as
ISO 4049 for restorative polymer-based materials and ISO
20795-1 for denture base polymers.""!'? For dental DLP,
resins should demonstrate biocompatibility, suitability
for the intended indication, and documented safety and
performance. Although ingredients such as urethane
dimethacrylate, triethylene glycol dimethacrylate, barium
glass, and TPO are commonly used in commercial systems,
regulatory approval applies to the final resin formulation
or device for a specified intended use, rather than to
individual ingredients.>*-*’

At the workflow level, software for 3D printing is
regulated by two guidance documents from the United
States Food and Drug Administration, which standardize
the full workflow, including the design of digital models,
slicing, printer control, and post-processing, and
require their accuracy, reliability, and consistency."*"'*
Nevertheless, no specific regulations target dental 3D
printing software, making the establishment of dedicated
standards for clinical standardization urgently needed.

Figure 3. Variations in printing time with different printing orientations. (A) When the printing angle is set at (90°, 0°, 0°) and the layer thickness is 50 um,
the number of printed units is six, with a total printing time (T, ) of approximately 2 h, 27 min, and 44 s. (B) When the printing angle is set at (0°, 0°, 0°)
and the layer thickness is 50 um, the number of printed units is three, with a total printing time (T, ) of approximately 1 h, 12 min, and 26 s.
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Figure 4. Common print quality problems. (A) Build plate adhesion failure: prints detach from the build plate or float in the resin. (B) Delamination: poor

interlayer bonding leading to separation during printing. (C) Surface roughness: irregular surfaces with spots. (D) Support failure: broken, detached. (E)
Dimensional inaccuracy: deviations in geometry due to resin residue. (F) Mechanical issues: defects caused by layer shifting or z-axis vibration.

Table 5. Common print quality problems and corresponding solutions

Problems Description Causes Solutions
The build plate is not leveled Re-level the build plate
Build plate adhesion The print fails to stick to the Inadequate bottom exposure Increase bottom layer exposure time
failures1% build plate, floats in the resin, ) ) )
atlure or detaches after a few layers Contaminated build plate Clean the build plate thoroughly
Resin is too cold or too viscous Maintain resin temperature at 20-28 °C
Insufficient exposure of normal layers Increase layer exposure time
The print separates during Lift speed too high Reduce lift speed
Delamination®™!””'”  printing; layers fail to bond Inadequate or weak supports Increase support density and diameter
with adjacent layers
. . . Reorient model to minimize cross-sectional
Large layer cross-section causing suction
area per layer
Overexposure or underexposure Optimize exposure parameters
Surface Surface appears rough, with Contaminated or settled resin Filter and stir resin before use

roughness'*!°

white spots, sticky texture, or
holes

Inadequate cleaning

Ambient light interference

Clean thoroughly and dry completely

Minimize ambient ultraviolet light exposure

Support failure?®4

Supports break, detach, are
hard to remove, or leave deep
marks

Supports are too thin or sparse

Poor support placement

Supports overly strong or weak

Increase support density and diameter
Manually optimize support placement

Use spherical support tips for easier removal
and minimal damage

Dimensional

inaccuracy®7®

The printed model does
not match the intended
dimensions; it may warp or
shrink

Over- or under-exposure

Residual resin not fully cleaned
Resin settling
Humidity fluctuations

Environmental temperature

Calibrate exposure time and use compensation
settings

Ensure thorough post-cleaning
Stir resin evenly before use
Dry parts completely before post-curing

Switch to resins with better thermal stability

Mechanical issues!®

The model shows layer shifting,
noise during printing, or z-axis
(lifting axis) vibration

The z-axis is loose or contaminated

Resin leakage into mechanical
assemblies

Clean and lubricate the z-axis screw

Tighten or replace worn mechanical parts
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4.4. Outlook

Recent studies suggest that dental DLP resins are evolving
to achieve a balance between dimensional accuracy and
mechanical strength. Low-shrinkage resins can improve
dimensional accuracy in models, restorations, orthodontic
appliances, and surgical guides', while filler-modified
ceramic and glass-reinforced composites enhance
fracture toughness without sacrificing adequate stiffness,
supporting indication-specific material design for dental
crowns.'”” These advances indicate that future parameter
optimization in dental DLP will increasingly depend on
resin chemistry tailored to clinical applications.

Given that dental DLP printing quality is influenced
by multiple factors, trial-and-error optimization is often
inefficient. Artificial intelligence and machine learning
(ML), therefore, offer promising tools to improve efficiency,
reproducibility, and precision. Recent studies have shown
that ML can capture nonlinear parameter interactions
to enhance printing fidelity, enabling fabrication of 20
pm-scale microchannels and triply periodic minimal
surface microstructures with sub-2 pm error."'® ML has
also been applied to grayscale exposure optimization,
deformation inverse design, and material-process—
property mapping, highlighting its potential to address
current challenges in dental DLP.!"*-'*

Although dental DLP has already been adopted in
many clinical settings, its industrial chain is still evolving
and remains insufficiently mature in terms of standardized
workflows, integrated industrial coordination, and large-
scale clinical translation. At present, its commercialization
relies on the coordinated contributions of multiple sectors
across the industrial chain. Academic and clinical research
institutions (e.g., West China Hospital of Stomatology;
Peking University Hospital of Stomatology) serve as the
primarysource ofinnovation, drivingadvancesin materials,
algorithms, and processing strategies, and enabling
translational validation (e.g., the Huaxi Intelligent Large
Model). Dental device manufacturers (e.g., Angelalign; EA
Medical Instruments) focus on productization and scalable
fabrication of dental models and appliances.'** Building on
these developments, integrated digital solution providers
(e.g., Shining 3D; SprintRay) facilitate clinical adoption
by delivering end-to-end digital workflows that support
chairside applications, such as intraoral scanning and
the chairside fabrication of temporary restorations.'?>'%
In parallel, industrial clusters (e.g., China Dental Valley)
further promote ecosystem-level integration among
academia, industry, and clinical practice.’” In the future,
further commercialization of dental DLP will depend on
closer cross-sector coordination and the establishment
of more standardized, scalable, and clinically validated

production pathways.

5. Conclusion

Although 3D printing has demonstrated remarkable
potential in dentistry, its outcomes remain highly
dependent on multiple interacting factors, including
printing orientation, support design, and post-curing
conditions. Currently, there is a lack of standardized,
product-specific protocols for clinical applications. Most
DLP dental studies rely on idealized standard test pieces,
with limited systematic evaluation of actual dental devices.
Moreover, research often isolates single parameters and
overlooks their interactions, while inconsistencies across
different printing systems and research methods hinder
comparability. Therefore, to enhance the reliability
and clinical utility of printed devices, manufacturers
are encouraged to provide detailed, material-specific
parameter guidelines, while future studies should focus on
developing standardized and evidence-based workflows
tailored to different clinical scenarios.

This practice-oriented review highlights the critical
role of printing parameters and post-processing details in
DLP 3D printing for dental applications. By systematically
analyzing printing orientation, support design, layer
thickness, exposure time, and post-processing steps,
recommended parameter ranges along with their respective
advantages and limitations are proposed. These insights
provide dentists and technicians with actionable protocols
to improve the overall quality and printing efficiency of
printed appliances, thereby enabling clinical large-scale
implementation of DLP printing in personalized and
chairside dentistry.
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