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3D printing technologies have expanded beyond the research laboratories where they were used solely for
prototyping and have become widely used in several industries. The production of custom 3D objects has sig-
nificant potential in optical applications. However, this necessitates extremely specific material properties, such
as transparency, homogeneity, birefringence, and surface finish. Currently, the majority of optical objects are
manufactured using plastics. Moreover, the 3D printing processes using polymers to produce optical objects
have significant advantages, such as limited wastage, short manufacturing time, and easy customization.
However, despite extensive efforts, no technology has achieved the production of objects perfectly suited for
optical applications. The objective of this review is to summarize recent advances in the field of 3D printing
for optics, with an emphasis on specific developments for dedicated applications, and to explore new candidate

processes.  © 2022 Chinese Laser Press

https://doi.org/10.1364/PRJ.453338

1. INTRODUCTION

3D printing or additive manufacturing (AM), in contrast to
subtractive manufacturing, is the process of manufacturing
parts in 3D by successively adding material with reference
to a 3D model. 3D printing technologies have progressed con-
siderably over the last ten years, from proof-of-concept devices
developed in research laboratories to applications in several in-
dustrial sectors [1]. The dental industry is a major example,
having widely adopted industrial 3D printing of dental struc-
tures. Other sectors as diverse as the aerospace [2], the auto-
motive [3], the medical [4] and the food industries [5] also
use these technologies.

Numerous types of processes have been developed for 3D
printing using various materials, such as metals, ceramics, poly-
mers, and hydrides. Furthermore, several limitations, including
object size, resolution, (multi)materials, and complexity, have
been overcome. These processes have even enabled the produc-
tion of geometries unachievable by conventional processes.
Moreover, manufacturing using computer-assisted design
(CAD) permits better customization and reduced wastage,
making it a green technology. These properties are important
in 3D manufacturing for optical applications since optical ob-
jects are typically manufactured using multi-stage subtractive
processes. These require complex machines, generate consider-
able loss of raw materials, and have limited recyclability.

2327-9125/22/061344-17 Journal © 2022 Chinese Laser Press

Among all the materials suitable for optical applications,
polymers are prioritized for their advantageous properties:
transparency in the visible and infrared range, light weight,
adaptable mechanical properties, and adjustable refractive in-
dex. Furthermore, additional functionalities such as color, satu-
rable absorption, and luminescence can be imparted to them by
simple doping of the polymer matrix. In addition, different
processes can be used to structure them, which enables the pro-
duction of customized objects for diffractive, refractive, and
guided optics, such as surface gratings [6,7], lenses, or wave-
guides [8]. Moreover, different specific optical properties such
as Dbirefringence and photochromism can be acquired.
Transparent materials with a tunable refractive index [9,10],
photoactive materials with a varying refractive index [11],
and Bragg gratings [12] are all examples of materials with spe-
cific optical properties.

By exploiting the liquid state of polymers in different forms,
optical objects can be manufactured using either rigid or flex-
ible molds [13]. Moreover, a liquid interface can achieve
surfaces of the requisite optical quality by exploiting the sur-
face tension phenomena [14]. However, this approach has
certain limitations. First, a mold is required for each desired
object design, and second, the type of mold used determines
the surface finish. Thus, AM is extremely relevant in optical
object manufacturing.
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Fig. 1. (a) Simplified schematic of the photopolymerization process
involving the main components (photoinitiator and monomer).
(b) The main photopolymerization-based additive manufacturing
techniques described in this review.

Polymer shaping by AM essentially employs thermoplastic
powders and/or liquid resins as input materials, which have
complementary properties and permit the shaping of thermo-
plastic and/or thermoset 3D parts. Considering the extremely
specific material properties, such as transparency, homogeneity,
birefringence, surface finish, and high Abbe number required in
optical objects, the materials used must be carefully selected.
Thermoset materials are known to fulfill all the requisite cri-
teria. In addition, techniques based on photopolymerization,
which are highly suitable for producing thermoset materials,
will be discussed in this review.

However, despite the advantages of AM, simultaneously ful-
filling all the aforementioned criteria is difficult. Consequently,
objects produced using AM do not possess all the desirable op-
tical properties. In this review, the AM devices most suited to
optical applications are analyzed, and their advantages and lim-
itations are highlighted.

In the following, we first provide an overview of the main
chemistries used in AM by photopolymerization, the principle
of which is schematically provided in Fig. 1(a). Then, we de-
scribe [Fig. 1(b)] the primary processes of interest for optical
applications, starting with point-by-point, then layer-by-layer,
and finally, continuous processes. Currently, continuous, or
nearly “instantaneous” processes that enable rapid manufactur-
ing and avoid the defects inherent in point-by-point or layer-
by-layer fabrication are popular. Finally, we will also discuss the
polymer jetting approach, which involves a localized deposition
of light-curing material, in contrast to previous techniques
where the polymerized volume is defined by the irradiated area.

2. PHOTOPOLYMERS FOR AM IN OPTICAL
APPLICATIONS

A. Generalities

Regardless of its application, photopolymers generally comprise
two principal compounds: 1) the photoinitiator(s) and 2) the
monomer(s) and/or oligomer(s). The photoinitiator is a chemi-
cal compound (or an association of several molecules) that
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Fig. 2. (a) Schematic representation of the radical photopolymeri-
zation process involving a photoinitiator (PI) absorbing a photon of
energy hv to reach an excited state (PI*). From this excited state,
radical species are generated, which initiate the radical polymerization
of monomers (M). (b) The examples of acrylate monomers with
low and high refractive index monomers. (c) The example of photo-
initiators and radical species created by UV photolysis of these
photoinitiators. (d) The molecular processes of inhibition of radical
polymerization by oxygen.

absorbs incident light and exploits excited electronic states
to form reactive species capable of initiating the polymerization
of monomers. The monomers are the elementary building units
of the material, which link up to form a polymer.

The suitability of the photoinitiator (PI) depends on the
wavelength of both the AM device used as well as the mono-
mers. The absorption spectrum of the photoinitiator must at
least partially cover the emission spectrum of the light source.
Precisely stated, a good photoinitiator efficiently absorbs light
of a desired wavelength and produces new chemical species that
are extremely reactive toward the monomers from its excited
states (PI*). Figure 2(a) provides the schematic of radical
polymerization. Here, the radicals created from PI* induce
the polymerization of monomer molecules through radical re-
actions. However, producing transparent materials using this
method is susceptible to discoloration. Typically, wavelengths
in the near UV range (below 405 nm) are preferred when
manufacturing transparent materials, during which the photo-
initiator is expected to be consumed. However, the reaction of
the photoinitiator that generates photoproducts has different
absorption properties. For example, in the case of acylphos-
phines, the oxide absorption spectrum shifts toward shorter
wavelengths outside the visible spectrum, reducing the magni-
tude of absorption (photobleaching). Therefore, the consump-
tion of the photoinitiator is difficult to achieve, and the leftover
photoinitiator produces an undesired residual yellow coloration
(for a photoinitiator absorbing in the near UV). In other cases,
the photoproducts also cause coloration. This effect is relatively
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more sensitive as the object is thicker, the coloration being a
cumulative effect in the thickness. Therefore, it is essential
to optimize the concentration of the photoinitiator to ensure
high reactivity and consequently faster manufacturing while
avoiding residual coloration.

In addition, the monomer significantly influences the
mechanical and optical properties of the final product and,
hence, must be carefully selected. This is an advantage, consid-
ering that properties can be modulated by choosing the appro-
priate monomer or monomer mixtures to obtain properties
intermediate between those of pure monomers. For example, re-
fractive index can easily be modulated by selecting appropriate
monomers [Fig. 2(b)]: 1H,1H,2H,2H-heptadecafluorodecyl
methacrylate (HDFDMA) and 2,4,6-tribromophenyl acrylate
have refractive indices of 1.38 and 1.60, respectively.
Intermediate refractive indices can be obtained by mixing mono-
mers of different indices. It should be noted that the fine control
of the final index is a point that can be delicate to control because
in photopolymer blends, it is necessary to manage the problems
of miscibility (between monomers and between monomers and
polymer), difference in reactivity, and diffusivity of the different
monomers, which can especially impact the homogeneity of the
material, and thus its optical and mechanical properties. These
effects have been widely used for hologram storage and self-
written waveguide applications, and the main results and con-
cepts are described in the reviews [15,16]. However, these
two monomers are monofunctional (carrying a single acrylate
function). They do not permit the formaton of cross-linked
three-dimensional networks. Thus, they must be used in com-
bination with difunctional monomers, such as TPGDA or an
epoxy di(metha)crylate, which enables the modulation of the
final mechanical properties of the material after polymerization.
Depending on the application, other functionalities can also be
obtained using monomers, oligomers, or fillers (including nano-
particles), such as wetting or dispersing agents, fillers, plasticizers,
matting or gloss agents, pigments, and stabilizers.

Furthermore, photopolymerization can be classified into
three types based on the type of chemical reaction involved:
radical light curing and cationic or anionic polymerization.
Among these, radical light curing is the most widely used.
Cationic photopolymerization is typically used for certain coat-
ings, and “hybrid” polymerization techniques also exist. Both
are described below.

B. Radical Photopolymerization

In the case of radical photopolymerization, the reactive species
are free radicals formed by the homolytic rupture of a bond in
the excited state of the photoinitiator. The mechanisms are of
two types: Norrish I and Norrish II [17] [Fig. 2(c)].

The Norrish I mechanism is based on the photocleavage of a
single molecule into two radical fragments. This cleavage is
easily achieved in the alpha position of a carbonyl group,
which justifies the use of benzoin derivatives for this purpose
(benzoin ether, halogenated ketones, dialkoxyacetophenones
and diphenylacetophenones, morpholino and amino ketones,
and hydroxy alkyl acetophenones among several other struc-
tures) [18]. Many commercial compounds, such as Darocur
1173 or Irgacure 184, are available [see Fig. 2(c)]. Their maxi-
mum absorption wavelengths are approximately 340/350 nm.

In the case of acylphosphine oxides, such as Irgacure 819, the
proximity of the phosphine group to the carbonyl group, in-
duces a decrease in the energy of the electronic transition from
the fundamental to the excited state, thereby permitting a shift
in wavelengths toward the visible spectrum (400 nm). Type I
photoinitiators are the most widely used in the industry since
most photoinitiating systems operate using a single molecule.

The Norrish IT mechanism involves the combination of a
photoinitiator (PI) with a coinitiator or photosensitizer (PS).
For such systems, the excitation wavelength corresponds to
the absorption maximum of the photosensitizer, and it can
be easily modulated by choosing the suitable photosensitizer
in a large range of available compounds. This approach is par-
ticularly interesting for developing photoinitiator systems at the
desired wavelength in the visible and near-infrared range.
Ketone-/hydrogen-donor systems are popular examples of sys-
tems using the Norrish IT mechanism [19]. These systems gen-
erally operate from their triplet state by electron transfer in the
presence of an amine AH, which forms a charge transfer com-
plex (CTC), followed by a proton transfer to form the radical
species that initiate polymerization.

The monomers used in free radical polymerization are pri-
marily acrylates and methacrylates. Moreover, a wide variety of
monomers and oligomers are available, which enables the ad-
justment of chemical and physical properties of the photopo-
lymerizable mixture and polymers over a wide range. This is
particularly useful because the viscosities of common multi-
functional monomers are too high to be used alone in 3D print-
ing. In this case, a mixture of several monomers can be used to
adjust the viscosity to ensure proper resin flow. These mono-
mers are also susceptible to shrinkage, leading to distortions
or deformations during layer-by-layer printing. For example,
a maximum shrinkage of approximately 5% for bisphenol A
dimethacryalte (bis-GMA) and 12% for triethylene glycol di-
methacrylate (TEGMA) [20] have been reported. Another im-
portant feature of these formulations is their sensitivity to
inhibition by oxygen [Fig. 2(d)] [21,22]. The oxygen dissolved
in the resins can react with the excited species and radicals, lead-
ing to a loss in efficiency of the photopolymerization (speed and
final conversion) and the appearance of a polymerization
threshold. However, this phenomenon, which appears undesir-
able, can help stabilize formulation and can also be used to con-
fine the polymerized zone spatially at the micrometric [23,24]
or even nanometric scale [25—29]. Therefore, it is used in vari-
ous 3D printing configurations.

It is noteworthy that materials based on acrylate monomers
are generally brittle and glassy. To overcome this limitation,
thiol-ene systems can be used, as their mechanical properties
are easier to modify [30—-32]. This leads to the formation of
more homogeneous networks at the molecular level through
the step-growth mechanism of polymerization [33,34].
Acrylate monomers reach the gel point at conversions of ap-
proximately 20%, while thiol-ene matrices reach this point
at conversions of approximately 30% [1]. Consequently,
materials obtained with acrylate monomers are more brittle
and possess more stress. Thiol-ene materials are more ductile
and simultaneously more resistant [35] due to the softer nature
of the polymer.
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Fig. 3. (a) Examples of acrylate (green) and thiol-ene (red-blue)
monomers used in volumetric additive manufacturing, and the sche-
matic structure of the prepared polymers. (b) An example of the 3D
objects (scale bar 5 mm). (c) The illustration of the modularity of
mechanical properties obtained using the thiol-ene systems [36].

A recent example of the complementary use of acrylate and
thiol-ene systems in a 3D printing system called volumetric ad-
ditive manufacturing [36] (detailed later) is shown in Fig. 3.
The thiol-ene monomers used in this study are illustrated sche-
matically in Fig. 3(a). Examples of 3D objects are presented in
Fig. 3(b). Figure 3(c) compares the mechanical properties ob-
tained with acrylate and thiol-ene based formulations, showing
that the latter can be adapted over a wide range.

In addition, these systems are less sensitive to oxygen, which
eliminates the induction period and allows them to reach the
dose to gelation more quickly for given irradiation conditions.
Shrinkage is also minimized with these resins, which reduces
the problems of deformation of formed objects.

C. Cationic Photopolymerization
In the case of cationic photopolymerization, diazonium,
onium, iodonium, sulfonium, or pyrylium salts [37] are used
to generate charged species to initiate the polymerization of spe-
cific monomers, usually from the epoxy resin family (Fig. 4).
Standard cationic photoinitiators have absorbances mainly
in the UV spectrum below 300 nm. However, radical photo-
initiators enable a shift in the absorption wavelength of the
photoinitiator system up to 400 nm by photosensitization with
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Fig. 4. (a) Schematic representation of the cationic photo-
polymerization process. (b) The photolysis mechanism of an iodo-
nium salt. (c) The examples of epoxy monomers used in cationic
photopolymerization.

anthracene or thioxanthone dyes, thus facilitating the use of
low-cost LED as irradiation sources [38]. Furthermore, epoxy
resins are the most widely used resins in 3D printing for their
shrinkage rate of approximately 2%—-3%, which is significantly
less compared to that of conventional radical resins [1].
Moreover, once cured, they have good mechanical properties.
In contrast to conventional acrylate resins, cationic photo-
polymerization is not sensitive to oxygen. However, it is alcohol
sensitive and is affected by conditions such as humidity.
Furthermore, cationic photopolymerization is considered a
“living polymerization” leading to a so-called “dark reaction”
where the polymerization continues even after the irradiation
is stopped and until the monomer is almost completely con-
verted. This enables highly efficient conversion rates [39].

D. Hybrid Cure Photopolymerization and Dual Cure
Systems

Hybrid systems can be used to combine the advantages of dif-
ferent polymerizations by including cationic and radical resins
in the same mixture [40,41]. The objective is to create inter-
penetrating or semi-interpenetrating [42] networks using the
two different modes of chain growth polymerization. The two
types of networks develop independently of each other, either
simultaneously (simultaneous propagations) or sequentially
(successive propagations). This enables the combination of the
advantages while simultaneously avoiding certain disadvan-
tages, thereby obtaining different physicochemical resin prop-
erties. Highly reactive resins such as acrylates or vinyl ethers
tend to create objects with stresses and deformations due to
the high shrinkage rate. Combining them with methacrylate
or epoxy resins reduces the rate of polymerization and shrink-
age, thereby mitigating the risk of defects at the end of the
printing process. Such approaches have been adapted to the
constraints of additive manufacturing in different studies dem-
onstrating the effectiveness of the approach through improved
final properties [43]. One example in the context of optics is
the use of hybrid resins to produce optical objects using con-
ventional techniques such as laser stereolithography (SLA) or
digital light processor stereolithography (DLP-SLA) by
Wang et al. [44].

The term dual cure system is used when the polymer prepa-
ration is based on two-step polymerization processes. Several
strategies are possible [45,46], two of which are particularly in-
teresting for 3D printing.

1) The use of two UV treatments characterized by differ-
ent light powers or by different wavelengths. Generally, the 3D
object is manufactured in the first step, after which it is post-
cured by UV in the second step, either by applying different
irradiation power/time conditions or a second, typically shorter
wavelength that enables both in-depth curing of the object and
polymerization of the surface of the object. For this purpose,
UV 3D printers are generally used with an additional curing
chamber that allows a homogeneous irradiation of the manu-
factured object. This treatment is typically administered in an
oxygen-free atmosphere to limit the problems related to oxygen
inhibition, especially in the case of radical polymerization.

2) The use of thermal activation after photochemical
activation by combining systems that can be activated by
light and by temperature rise in the same resin initator.
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Fig. 5. Schematic view of the benefit of using a thermal post-cure
versus UV post-cure. Thermal post-curing results in better homo-
geneity in the core of the polymer object. (a)—(f) are SEM images with
different magnification of an object prepared by SLA with (a), (), (e)
UV post-cure and (b), (d), (f) thermal post-cure. The difference in
structure is clearly visible by comparing (e) and (f). Bulk and surface
homogeneity are critical parameters for optical applications [47].

First, photochemical activation is used to generate the 3D ob-
ject, after which a thermal post-treatment completes the polym-
erization, thereby improving the homogeneity of the materials.
In particular, this enables the reduction of conversion
differences observed within each layer of the final object.
This approach has been demonstrated on the basis of acrylate
monomers using a photoinitiator (TPO) and a thermal initia-

tor (AIBN).

The example structures in Fig. 5 illustrate the type of defects
of refractive index homogeneity encountered in the polymer
thickness. A trace of the layer-by-layer fabrication is clearly vis-
ible. In each polymerized layer, a gradient appears because the
polymerization conditions are very different between the bot-
tom and top of each layer. This difference is the consequence of
the strong absorption in each polymerized layer, which is nec-
essary to control the polymerized thickness at each step. These
defects are thus reproduced in a periodic way. We can clearly
see that this difference cannot be erased by UV post curing
[Fig. 5@a)]. It can be seen in this same figure that thermal
post-curing results in a more homogeneous material structure
than UV post-curing. Moreover, in-depth treatment is easier to
achieve by thermal treatment because the penetration depth of
UV is limited [47].

The second step can also be an air or moisture treatment to
induce the requisite complementary reaction.

E. Organic/Inorganic Hybrid Resins and
Nanocomposites

The modification of properties can also be achieved by the syn-
thesis of hybrid materials. Different photo-assisted preparation
routes are possible. In the context of 3D printing by photopo-
lymerization, these materials can be classified into two main
categories according to the nature and interaction of the
inorganic part: 1) hybrid materials prepared on the basis of
organic/inorganic hybrid precursors and 2) hybrid materials
prepared by incorporating inorganic (nano)fillers [48]. The
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final properties are modified by the presence of the inorganic
phase, generally introduced at the molecular or nanometric
scale, which enables the retention of transparency in the
material by limiting the diffusion of light during manufacture
and application. Optical, photonic, dielectric, and piezoelectric
properties can be obtained along with mechanical properties
improved by the presence of nanofillers [49].

In the first approach, materials based on organic/inorganic
hybrid precursors are prepared in two steps [Fig. 6(a)]. In the
first step, classical sol—gel reactions are induced to form an in-
organic siloxane or metal-oxide network [52,53]. These precur-
sors also contain a photopolymerizable part (acrylate or epoxy)
that can be photopolymerized in the second step under condi-
tions similar to those for the corresponding organic resins
[54-56]. This enables the incorporation of SiO,, TiO,, and
ZrO, groups with superior control of the homogeneity of
the material since the inorganic filler is introduced through
the hybrid precursors at the molecular scale. Presently, these
materials (also known under the trade name of ORMOCER)
are used for optical applications based on UV photolithography
fabrication processes [57] such as deep-UV [58-61], near-IR
[62,63], or e-beam [64] but remain largely unused for UV
3D printing.

An example of use for DLP structuring was proposed by
Shukrun ez a4l [50]. Compared to conventional polymers,
the materials prepared by this process show good mechanical
strength (139 MPa), improved temperature resistance, and
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Fig. 6. (a) Hybrid material approach based on organic/inorganic
hybrid precursors in the context of 3D manufacturing by photo-
polymerization. The three precursors used react in solution by
hydrolysis-condensation reactions (sol-gel chemistry) to form an inor-
ganic network, which is cross-linked by UV irradiation. Examples of
transparent parts are given (scale bar, 1 cm) [50]. (b) Nanocomposite
approach by introducing silica nanoparticles in a light-curing matrix to
fabricate 3D nanocomposite objects and subsequently sintering to
mineralize the material. The examples of transparent silica parts that
were made by this process are given (scale bar, 5 mm) [51].
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high transparency (89%). In addition, they possess a gloss
and appearance similar to silica objects [Fig. 6(a)]. Other con-
siderably interesting examples are based on the use of bipho-
tonic stereolithography techniques, which are presented in
Section 2.C. In addition, the fabrication of microstructures
with these materials (also known under the trade name of
ORMOCER) has been demonstrated through various exam-
ples [65]. The primary advantages of using these materials
in optical applications are the excellent transparency obtained
in the materials over a wide range of wavelengths and the ease of
modulating the refractive index through the choice of the pre-
cursor and/or the addition of precursors for mixed materials.
For example, the incorporation of Zr complexes permits the
modulation of the refractive index of silane/acrylate hybrids
between 1.495 and 1.535 [66].

The second approach to manufacturing hybrid materials
employs fillers in the acrylate or epoxy resin. To maintain trans-
parency and avoid light scattering phenomena, the fillers used
are typically oxide nanoparticles (SiO,, TiO,, and ZrO,), the
nanometric size of which guarantees the absence of scattering.
Inorganic nanofillers also enable the modulation of properties
of the desired material by adjusting the composition of charges
and induce properties approaching those of inorganic materials.
In addition, sintering of the material eliminates the organic
binder, thereby enabling the fabrication of completely inor-
ganic 3D structures [Fig. 6(b)]. Kotz ez al. presented different
types of transparent silica objects manufactured using this pro-
cess [51]. However, sintering must be carefully implemented
because despite high loads, shrinkage can compromise the in-
tegrity of 3D parts with complex geometry. Moreover, little in-
formation is given for the moment on optical phase uniformity
of materials prepared by such processes and about their ability
to reach the specificity required for an optical grade due to the
stress stored during sintering step.

The aforementioned examples illustrate the considerable
diversity of photopolymerizable materials available for 3D
printing applications. Different composition factors such as
the nature and content of the photoinitiator, the addition of
absorbers, and the choice of monomer enable the control of
geometrical factors during fabrication (resolution in x, y,
and z) also in addition to the properties of the final objects.
In the following sections, the primary technologies used in
the fabrication of optical objects are reviewed. These different
technologies are discussed in terms of their ability or limitations
with respect to this particular application.

3. POINT-BY-POINT MANUFACTURING
TECHNOLOGIES

A. Laser Stereolithography (SLA)

Laser stereolithography (SLA) is the first described 3D printing
technique that used photopolymerization. It was patented by
André in 1984 [67] and, subsequently, by Hull in 1986
[68]. SLA is based on the use of a laser for the point-wise
polymerization of a layer of liquid formulation [69]. The fo-
cused laser beam is deflected by galvanometric mirrors, which
allows high writing speeds in the plane. Once the first layer has
been produced, a platform moves a predetermined distance,
corresponding to the thickness of a layer to be produced.

The object is built voxel by voxel in the plane, independently
of each other, and then layer by layer. Thus, it is possible to
obtain complex and precise objects [Fig. 7(a)].

The ability to focus the laser spot enables a high spatial res-
olution in (x, y) of the order of 50-100 pm. The resolution in
the z-direction is determined by the absorbance of the formu-
lation and the thickness of the layer, which is generally
around 100 pm.

The total manufacturing time required for a part depends on
two related criteria. The first is the z-resolution, and the second
is the time required for resin refill between layers. A high
z-resolution means a high number of layers, and frequent resin
refills. The resin refill step is the most time-consuming part of
the process for producing pieces with small cross-sections and
depends on the technology used for the refill as well as the vis-
coelastic properties of the resin. SLA is therefore a relatively
slow technique.

The main advantage of the SLA technique is the high pre-
cision possible through the use of a laser focused on each point
of the material. This enables the production of a large variety of
objects using precise control of the initial CAD modeling. This
flexibility is obviously of great significance for the manufacture
of optical objects since it is possible to generate flat or curved
surfaces as required.

Presently, companies that commercialize SLA machines of-
fer resins that enable the production of translucent or transpar-
ent objects. However, in general, the manufactured objects do
not meet the quality criteria required for optical applications,
both with regard to the bulk properties of the material and the
surface properties. The technologies developed to improve the
bulk properties (especially continuous and direct 3D writing)
are discussed in Sections 4 and 5. With respect to surface prop-
erties, the objects at the output of the 3D printing machine
generally possess surface irregularities. These can be eliminated
by the post-treatments that are commonly used in optics, such
as a polishing step, or the addition of a coating that will
also help obtain optical surface with nanometric roughness

[Fig. 7(b)] [71].

Fig. 7. (a) Principle of the SLA [70]. (b) An example of the lenses
manufactured by SLA, after production, and surface treatments by
dipping in resins and polymerization (left, finished product) [71].
(c) The typical example of a surface defect [72]. (d) The examples
of objects made with micro-SLA [73].
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Considerable work has been done recently to improve the
quality of 3D-printed optical objects to ensure they meet the
requisite specifications. For example, it has been established
that surface irregularities can be reduced by decreasing the
size of the voxels printed in the resin. However, Gaussian sur-
face defects [Fig. 7(c)] [72] caused by the diffusion of light
through the illuminated resin are a significant challenge. To
overcome this, micro-SLA techniques have been developed.
Stampf] et al. presented a micro-SLA (USLA) system with res-
olutions up to 5 pm in the (x,y) plane and 10 pm in the
z-direction [Fig. 7(d)] [74]. The system can be used with vari-
ous photopolymers based on acrylate chemistry (sol-gel hybrid
materials, elastomers, and photocrosslinked hydrogels).

Another feature that was developed in these processes is the
capability of thickness manipulation. To reduce the thickness
of the layers produced, two possibilities are considered [75].
The first is to irradiate the resin with small doses of light, close
to the threshold dose of the formulation. However, this step has
a major drawback. Unless the point-wise dosage is precisely
controlled, unwanted irradiation of nearby points might cause
undesirable results since the threshold of each point can vary
marginally. An example of this is pieces requiring high and low
densities of pixels in the fabrication plan. The second technique
involves adjusting the absorbance of the resin, for which addi-
tives such as UV absorbers are used to reduce the penetration
depth at the desired wavelength.

The reduction of layer thickness must also be carefully imple-
mented from a certain thickness, especially when using a scraper
to generate extremely thin layers. [76] This limit is approxi-
mately ten microns [73]. Below that, mechanical refilling of
the formulation can easily damage small details on the previously
cured layer. In addition, the range of compatible resin viscosities
is even narrower than in a conventional SLA technique. The flat-
ness of the free surface to be irradiated is also difficult to control.
However, the detachment of the polymerized layer from this
window becomes difficult at low polymer thicknesses.

This limitation can be overcome by switching from layer-
wise laser writing to direct writing in the volume. This strategy
avoids the time-intensive refill step, which generates defects,
and limits the applicable viscosity range of the resins. In gen-
eral, considering that the generation of defects is directly related
to the selected process, direct writing can prevent most prob-
lematic defects in the targeted application [77]. Direct writing
in the volume approaches is described in the following section.

B. SLA in the Volume in Single-photon Absorption
Regime

Another approach to overcoming the problems associated with
the photopolymer layer refill step is to directly focus a laser into
the photopolymer volume to fabricate the object by inducing
point-wise (voxel-wise) polymerization reactions at the focal
point of the laser across the surface of the object.

The irradiated area can be displaced in two ways: with a
mobile writing beam using galvanometric mirrors or with a
mobile resin tank on piezoelectric plates. The first solution en-
ables faster writing speeds. Regardless, in both cases, the resin
remains immobile during the manufacturing process without
any constraint on its ability to flow, which enables the use of
extremely viscous resins.

Fundamentally, the primary challenge is to ensure that the
cross-linking of the photopolymer is induced solely at the focal
point of the laser and not on the rest of the writing beam path.
However, this is highly probable based on two principles. The
power density is maximum at the focal point, and above all, the
resin presents a non-linear response, characterized by the exist-
ence of a polymerization threshold. For energies below this
threshold, the resin is not sufficiently cross-linked and remains
soluble under the usual development conditions. Above the
polymerization threshold, the resin resists development. As
mentioned previously, this behavior is largely controlled by
the intervention of inhibitors in the resin (oxygen for acrylate
resins following a radical mechanism and acids/bases). It is
noteworthy that these inhibitors can be released by light (at the
same or different wavelength), which imparts an extra degree of
flexibility to them. This concept is used for the simulation
emission depletion (STED) and xolography technologies,
which are discussed later in this review.

Moreover, the achievable resolution is dependent on the
resolution of the optical system used to focus the laser light,
usually a large numerical aperture microscope objective. The
resolution is directly related to the irradiation wavelength
and the device used. But it also depends strongly on the re-
sponse of the photopolymer.

In practice, obtaining high resolutions poses several prob-
lems. The working distance of the microscope objective can
become extremely small. Thus, solutions were proposed in
which the objective is immersed directly in the resin. Problems
can also be related to inhomogeneities in the resin that disturb
the propagation of the writing beam. This becomes critical
when the size of the objects to be manufactured increases.

For single-photon absorption photopolymerization, con-
vincing demonstrations have been presented by writing at
532 nm in UV resins [78,79], specifically, in a commercial cat-
ionic UV resin (SU8) with laser writing based on the ultra-low
photon absorption (LOPA) technique. The resin and the laser
conditions are selected to ensure that the polymerization is only
effective at the focal point. Complex 3D structures, such as
chiral spirals and woodpiles, with sizes as small as 190 nm, have
been fabricated using a continuous laser at 532 nm (a few mW)
and a commercial photoresist (SU8) (Fig. 8). Compared to
the TPA technique described in the following section, this
technique exhibits several advantages, such as simplicity and
low cost.

C. Multiphoton Stereolithography

Another method that has developed considerably in recent
years to obtain 3D microstructures by direct laser writing is
biphoton, or more generally, multiphoton SLA [80,81]. This
method uses two-photon absorption (TPA), which is the simul-
taneous absorption of two photons of the same or different en-
ergies to excite a molecule in a given state (usually the ground
state) to a higher energy electronic state. The energy difference
between these two states is equal to the sum of the energies of
the two photons. The same effect can be obtained by the ab-
sorption of three or more photons corresponding to multipho-
ton absorption. This effect was first predicted theoretically by
Maria Goeppert-Mayer [82] and then demonstrated experi-
mentally using pulsed laser sources. Two-photon absorption
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Fig. 8. (a) Experimental setup for low one-photon absorption
(LOPA) photolithography. (b) Absorption spectrum of the resin
(SU8) showing the very low absorbance of the resin at the wavelength
used (532 nm). (c) and (d) Examples of structures prepared by LOPA
[78,79].

is a second-order process, several degrees of magnitude smaller
than linear absorption. It differs from linear absorption because
it is proportional to the square of the intensity of the light, mak-
ing it a nonlinear optical process. This nonlinearity enables the
confinement of the photo-induced reaction in a volume smaller
than the irradiated volume, resulting in a higher resolution.
This concept was widely used for high-resolution fluorescence
microscopy and later for SLA. Moreover, two-photon photo-
polymerization can be induced solely at the focal point without
affecting the material along the beam path before or after the
focal point. In addition, TPA requires the use of a laser with a
very short pulse duration (a few tens or hundreds of femtosec-
onds), strongly focused inside the volume of a photopolymer.
Under such conditions, the high density (spatial and temporal)
of photons can induce a multiphoton absorption in the focal
volume [83]. In the presence of a suitable photoinitiator show-
ing good TPA properties, the local curing of the resin is thus
obtained locally. This technique enables the conditions condu-
cive to direct writing in the resin with excellent resolutions.

Since Kawata’s proof of principle in 1997 [84,85], great
progress has been made in the development of resins and
instrumentation. For one, more and more efficient photo-
initiators are available, enabling a significant increase in the
writing speed [86]. Regarding the instrumentation, several de-
vices are now commercialized (Nanoscribe, Multiphoton
Optics, Microlight, etc.). Moreover, in most cases, the wave-
length used is in the infrared range (around 800 nm).

The primary advantage of this technique for the manufac-
turing of optical objects is the extreme precision that enables
the manufacturing of optical micro-elements with excellent
surface finish. The examples shown in Fig. 9 [87,88] present
microlenses manufactured at the end of the optical fiber and
various basic optical elements (mirrors, lenses, and beam-
expanders), respectively. In both cases, the sharpness of the
writing beam enables surface conditions compatible with

Fig. 9. Examples of optical microelements fabricated by biphotonic
stereolithography [87,88].

optical applications. The other advantage of the technique is
that these objects can be integrated onto various supports, such
as optical fiber outlets.

Furthermore, various strategies have been developed to obtain
resolutions below the diffraction limit. For example, Takada
et al. demonstrated that spatial resolution and surface roughness
can be improved by introducing polymerization quenchers
[89,90]. Although the results are convincing, the final material
contains a non-negligible concentration of these species, which
has an effect on the properties of the objects. All applications are
therefore not possible [91]. Another method is based on the prin-
ciple of deactivation by the photophysical effect around the
central voxel. This principle is equivalent to that forming the
basis of the high-resolution STED microscopy, which was
awarded the Nobel Prize in Chemistry for Betzig and Hell [92].
For example, Li er al. achieved 1/20 resolution by ingeniously
combining light-controlled activation and deactivation phenom-
ena (a technique named RAPID) [93].

These ultra-resolution techniques are, however, limited by
the lengthy fabrication time, which is impractical in the indus-
trial production of optical objects. To facilitate the application
of these techniques to large objects, various approaches were
developed, including parallel writing using multiple beams.
Nielson ez al. have, for example, developed a technology that
includes a dynamic mask to increase the writing speed by
making it parallel (mask-directed multiphoton lithography,
MDML) [94]. The combination of technologies combining
various resolutions and/or wavelengths also has significant
potential. This approach enables multifocal writing, which per-
mits the fabrication of low-resolution parts (to increase the
fabrication speed) and high-resolution parts (to keep precise
details), which is an appropriate compromise between writing
time and object quality [95].

Finally, when comparing the performance of voxel-by-voxel
AM techniques, it is important to consider not only the mini-
mum voxel size (resolution) but also the maximum voxel print-
ing speed to adequately cover the manufacturing needs of
complex objects, combining relatively large size and high-
resolution details. The ability to manage the precision of stitch-
ing between voxels or parts is also an important challenge in the
fabrication of optical parts with important dimensions. In this
context, several approaches based on two-photon absorption
have been proposed such as multi-focus two-photon printing
[96] or two-photon printing with an ultrafast random-access
digital micromirror device (DMD) scanner [97]. Binary holog-
raphy was also proposed to realize aberration-free large-area
stitch-free 3D printing [98]. These techniques allow the fabri-
cation of large-area complex 3D structures such as metamaterial
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structures, micro-lenses, and 2D gray level diffractive optical
elements (DOEs) with better than 100 nm resolution and they
have competitive DMD pattern rates, which reinforces the in-
terest of approaches based on biphotonic absorption.

Approaches of parallelization of the manufacturing by spa-
tial and temporal focusing of a femtosecond laser have also been
proposed. This allows a layer-by-layer parallelization fabrication
of arbitrary 3D structures based on a projection principle. The
writing speed can be increased by 3 orders of magnitude, which
also opens perspectives for large scale manufacturing while
maintaining the resolution of two-photon printing [99,100].

Another advantage lies in the possibility of preparing differ-
ent types of materials, thus modulating the refractive index for a
given application [66] with sol-gel chemistry, or the incorpo-
ration of passive or active optical functions with metallic nano-
particles [101] or liquid crystals [102].

4. LAYER-BY-LAYER DLP

Digital light processing (DLP) is an SLA technique using a light
projection system [103—106]. In most cases, an LED lamp is
used. In some specific configurations, a mercury lamp was
implemented [107]. Moreover, the light source is used in com-
bination with a matrix of dynamic mirrors (DMD), enabling
the spatial structuring of the light [108,109] in the form of a
pixelated image. The dimension of the projection of the pixels
at the focal point determines the resolution (x, y). The projec-
tion of an image versus the point-by-point manufacturing in
the plane enables the reduction of manufacturing time, espe-
cially in the case of massive solid objects.

The layer-wise manufacturing can be done starting from the
bottom or top layer of the object. The first case, also called
“bottom-up,” is mostly used because it enables the process
speed to be optimized by decreasing the time required for
the refill of material [110]. The formulation tank used is
smaller than the final object and the material refill is done with
a pump, thereby reducing waste. This configuration also re-
duces the physical and chemical impact of the resin on the pro-
cess. There is no need to use a scraper to level the surface and
interaction with oxygen is greatly reduced. This allows the use
of a wider range of viscosities.

DLP facilitates higher resolutions with minimal impact on
writing time. In the case of SLA, the manufacturing time is
proportional to the (dimension /voxel size)®. Increasing the res-
olution, and thus decreasing the size of the pixels by ten, leads
to a coefficient of 100 on the manufacturing time. In the case of
the projection technique (DLP), the manufacturing time is pro-
portional to the ratio of dimension to layer thickness and there-
fore independent of the resolution in the plane (x, y).

As with SLA writing, layer-by-layer fabrication can generate
“stepped surface” defects on curved surfaces that make the fab-
ricated objects unusable for optical applications. These aspects
were studied on pixel arrays, lines, and also at the single pixel
scale in Ref. [111]. The results revealed that the nature of the
monomers used in the resin significantly affected the surface
homogeneity of the manufactured objects. Chen et al. devel-
oped a strategy to fabricate optical objects using DLP technol-
ogy by reducing this effect, which is significant for optical
applications [112]. Aspherical lenses with a height of 5 mm

(a) Grayscale Bitmap ~ CCD Camera (C)

Fig. 10. (a) DLP technology with grayscale writing. (b) An example
of a lens made by DLP using the post-polymerized meniscus strategy
and grayscale writing. (c) The comparison between the classical DLP
approach (top) and post-polymerization and grayscale approach [112].

and a diameter of 3 mm were fabricated with a resolution of
5 pm [Fig. 10(b)]. Precise control of the surface finish quality
was achieved by combining two methods. The first is by pro-
jecting grayscale images instead of the usual black and white
binary images. In the transition zones, the use of the intermedi-
ate gray levels enables precise thickness modulation of the
polymerized layer to eliminate the step defects, as shown in
Fig. 10(c). The second step involves depositing a thin layer of
resin when removing the object from the resin. By controlling
the tank output parameters, surface tension effects smoothen
the surface of the object and erase potential defects due to
layer-wise fabrication [113]. By combining these two strategies,
the subvoxel scale accuracy (less than 5 pm) and subwavelength
surface roughness (less than 7 nm) were achieved. The printed
aspheric singlet lens exhibited a maximum imaging resolution
of 373.2 Ip - mm™! with low field distortion (less than 0.13%
over a 2-mm field of view). To demonstrate the potential of the
technology, this lens was attached to a cell phone camera. It
should be noted, however, that although the proposed technol-
ogy was considered to be fast, the fabrication of a 5-mm-high
and 3-mm-diameter aspheric lens requires 4 h, which is still too
long. These lengthy manufacturing times are due to the process
of the layer thickness reduction required to obtain a quality
result, as explained in the formulas in the preceding paragraph.

Several “continuous” techniques have been developed as fol-
low-ups to DLP technology which provide improved object
quality and reduced manufacturing time. They are the subject
of the following section.

5. CONTINUOUS MANUFACTURING
PROCESSES

A. CLIP Technology
The continuous liquid interface production (CLIP) technique
is a continuous technique derived from DLP. Fundamentally,
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instead of layer-wise production, this process generates the ob-
ject about the transverse axis in a continuous manner. From a
physico-chemical point of view, the technique is based on the
generation and control of a light-curing reaction inhibition
zone, or a “dead zone,” to maintain a non-polymerized formu-
lation layer throughout the process. This liquid layer is located
as close as possible to the irradiation zone and enables constant
movement of the platform and replenishment of the resin. The
images projected by the lamp will scroll continuously in accor-
dance with the movement of the platform.

This phenomenon of inhibition can be ensured in two ways:
either by the action of molecular oxygen or by a photoinhibitor,
i.e., a species inhibiting the polymerization reaction generated
by light irradiation. The first approach was developed by De
Simone er al. [114]. A UV-transparent, oxygen-permeable
membrane keeps the interface with the resin uncured, while
polymerization is effective when moving away from the mem-
brane [Fig. 11(a)]. At the interface with the membrane, the
oxygen concentration remains above a limit that does not allow
the polymerization threshold to be passed. As mentioned pre-
viously, the radical species shown in Fig. 2(a), react with oxygen
to form peroxide radicals. These peroxide radicals are not re-
active enough to initiate or complete the polymerization,
thereby keeping the formulation liquid [115].

The photoinhibitor approach is based on a device that irradi-
ates the resin with two distinct wavelengths, each of which has a
specific role [116]. One wavelength is used to generate the images
corresponding to the shape to be manufactured by photopolyme-
rization (in this example 365 nm). The second wavelength
(470 nm in this example) is used to generate polymerization
inhibitors by a photochemical process [Fig. 11(b)]. These are
responsible for blocking the polymerization and the layer in liquid
form. Photoinitiators such as HABI (Norrish type 2) are used.

Without a co-initiator, they play a role of carbo-centric radical
inhibitors. An interesting aspect of this approach is that the rel-
ative kinetics of polymerization and inhibition can be easily
modulated by changing the relative intensity of the irradiations
at both wavelengths. This parameter enables easy management of
the thickness of the uncured layer, in contrast to the oxygen in-
hibition approach.

The continuous manufacturing mode has two primary ad-
vantages. The material refill, the most time-consuming step in
conventional SLA, is performed continuously, which signifi-
cantly accelerates the process. However, this assumes that
the resin has a low viscosity suitable for efficiently flowing into
the inhibition volume. This becomes even more crucial in
manufacturing objects with larger cross-sections. The second
interesting point is an improved homogeneity of the material
resulting from the elimination of discontinuities owing to the
sequential nature of the process. The obtained objects are iso-
tropic, thus presenting identical mechanical and optical proper-
ties in all spatial directions. Figure 11(c) shows the effect of
slicing on the roughness of the objects and the possibility of
generating a smooth object using CLIP technology.

CLIP technology is commercialized by carbon with appli-
cations in the fields of dentistry, automotive engineering,
and shoe soles. In the field of optics, there are examples based
on micro-CLIP technology [Fig. 11(d)] [117]. This technique
enables significant reduction of manufacturing time, in contrast
to classical DLP technology. The nature of the membrane and
its ability to let oxygen through are important parameters for
obtaining the desired quality. The surface roughness is particu-
larly dependent on the membrane. However, these defects can
be eliminated by the meniscus technique, which involves de-
positing a layer of resin of the same nature after the manufac-
turing process and post-polymerizing using UV.

CLIP technology has been extremely popular in the last few
years and has become one of the leading volume average theory
(VAT) techniques. However, despite the clear advantages in
terms of fabrication speed and isotropy of the final material
properties, its use for the fabrication of massive and solid parts
for optics (such as ophthalmic lenses) is limited because it sup-
poses that the resin can flow quickly to fill the consumed resin.
This viscosity criterion of the usable resins considerably limits
the range of usable resins.

B. Frontal Photopolymerization

Frontal photopolymerization (FPP) is another continuous 3D
printing technique. It is based on the continuous propagation
of a polymerization front through a formulation perpendicular
to the irradiated substrate [Fig. 12(a)]. Here, in contrast to
CLIP, the polymerization starts on the first interface and then
propagates in the opposite direction in the tank without mov-
ing a stage. A patent from ophthalmic industry has recently
presented the use of FPP combining light energy modulation
in the plane and the use of a photo-bleaching photoinitiator to
generate curved surfaces [121]. The heights cured are con-
trolled directly from the light dosage provided by the light
source. The propagation of the polymerization front is there-
fore controlled by the absorption of the resin in the depth.
In general, the absorbance of the photoinitiators decreases
during the polymerization (photobleaching), which enables



Fig. 12. (a) Schematic diagram of the FPP approach [118]. (b) The
example of 3D objects manufactured by FPP based on different mono-
mer chemistries [119]. (c) The examples of micro-lenses manufactured
by FPP at the end of an optical fiber [120].

polymerized thicknesses of a few mm [118]. However, if the
resin has a constant or even increasing absorption during cur-
ing, then the maximum thickness is limited [122].

The advantage of this approach is the absence of the layering
step, thus considerably reducing the fabrication time. It should
be noted, however, that the principle of propagation polymeri-
zation can lead to property gradients depending on the direc-
tion of manufacturing. The consequences can be negative
(stress generation), but the approach has been shown to be
easily programmable to control the deformation of non-optical
objects, using origami-like techniques [123].

Figures 12(b) and 12(c) show basic objects fabricated with
different types of photopolymers. More specifically, Fig. 12(c)
shows the same principle applied to the micrometric scale,
which enables manufacturing of micro-lenses by FPP at the
outlet of an optical fiber. The principle is based on the use
of the beam transmitted in the core of the fiber to manufacture
the lens by F3P. It can also be applied to UV wavelengths
[124], visible wavelengths [125], or in the infrared spectrum
[24,120]. These SEM images reveal the excellent surface qual-
ity that can be obtained in this configuration on optical fiber.
These results can be compared with those shown in Fig. 9
which enable the generation of more complex structures but
also involve a much more complex technology. Although this
technique is limited to the fabrication of solid objects (also
called 2.5D fabrication), it has significant potential for micro-
fluidic applications [126], electronics [127] for polymers such
as acrylate, epoxy, and also nanocomposites filled with CNT or
silica particles [128]. Continuous approaches can, therefore,
limit the defects inherent in point-wise and layer-wise manu-
facturing. Therefore, new approaches have been proposed to
fabricate the 3D object in a single step, within the resin.

C. Light-assisted Polymer Jetting

Besides the aforementioned AM techniques, the technique of
polymer jetting assisted by UV or NIR irradiation is also a rel-
evant alternative technique for the fabrication of large optical
objects with excellent surface quality.

Material jetting 3D printing was patented by Objet Ltd. in
1999. The concept involves combining inkjet technology, used
by conventional 2D printers on paper, and photopolymers. The
print head projects micro-droplets of photopolymer resin onto
the substrate [Fig. 13(a)] [129]. A light source (LED or laser) is
integrated into the print head and hardens the material to form
the first layer. The following layers can then be manufactured
in successive layers. The irradiation used is usually UV, which

z [nm)

0 20 40 60
X [um] X [um]

Fig. 13. (a) Schematic of the polymer jetting technique [129].
(b) The example of a lens (center) made from the model (left) and
the characterization of the surface (right) [129]. (c) The characteriza-
tion of the surface roughness of the objects [131].

enables the use of the photopolymers described in Section 1
of this review. An example of irradiation in the infrared spec-
trum to fabricate lenses in polydimethylsiloxane (PDMS) is
presented in Ref. [130].

The technique enables excellent resolutions, owing to the
small size of the droplets that can be generated. The resolution
is related to the viscosity of the formulation, its affinity for the
substrate, the cross-linked polymer, and the ejection speed of
the nozzles.

This technology especially enables the generation of
extremely smooth surfaces by exploiting the fact that the
final surface corresponds to drops spread, which are sub-
sequently polymerized. Thus, it enables the production of
optical surfaces without post-treatment [Fig. 13(b)]. Assefa
et al. showed that the standard surface roughness (RMS rough-
ness) is 0.9+ 0.3 nm and the average roughness is
0.7 £0.25 nm (6, NV = 25) [Fig. 13(c)] [131].

Although it is not significant for optical applications, an-
other advantage of the technique is the possibility of fabricating
multi-material objects. The fabrication time is relatively small
due to the elimination of the resin refill step of conventional
processes and the optimization of the reactivity of the UV pho-
topolymers used.

Droplets of resin formulation that are 17 pm in diameter are
deposited on a flat substrate using three print heads, each with
1000 nozzles. The layers have a thickness of 4.1 pm. The sub-
strate is a glass slide, silanized to improve adhesion. Four sec-
onds are required to create and polymerize a 6-7 cm? surface
layer, which amounts to a total fabrication time of 26 min for
an object 1.6 mm high [131]. This process enables high optical
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quality in a suitable time as compared to other SLA techniques
(for a single object, since DLP allows the simultaneous fabri-
cation of multiple objects). Luxexcel has commercialized such a
setup for printing optical lenses via polymer jetting [132].
Nevertheless, this technology is limited by its dependence
on the affinity between the resin and the substrate to obtain
a good resolution and smooth surface. Furthermore, due to
the inherent use of low viscosity resin, thermomechanical prop-
erties are limited. However, this can be compensated by pro-
ducing thicker lenses.

7. EMERGING NEW TECHNOLOGIES: INSTANT
3D MANUFACTURING

We have seen in the aforementioned processes that an important
limitation is linked to layer-wise or voxel-wise fabrication strate-
gies. Not only does this approach significantly increase the fab-
rication time but also results in anisotropic fabrication. Therefore,
it is difficult to ensure homogeneous properties throughout the
volume of the object. Consequently, this results in optical defects
that adversely affect several optical applications.

Therefore, new approaches to 3D manufacturing were de-
veloped. They can be described as instant manufacturing or the
manufacturing of the object being performed for the entire
volume of the object to be manufactured in a single step.

As for the SLA manufacturing in the volume (LOPA and
TPS), the primary challenge is to manage the propagation of
the beam in the resin undil it reaches the zone where it must
be “active.” Here, the light is generated outside the photopol-
ymer and must therefore propagate to the zone where it must
activate the polymerization reaction without significantly
modifying the resin on its optical path.

A. Single Step Volumetric AM of Complex Polymer
Structures

Until recently, 3D volumetric structures realized in a single
step were demonstrated solely in interference lithography
[133,134]. More or less complex approaches combining up
to five coherent beams enable the creation of periodic structures
that are sub-micrometer lattices, presenting very interesting
properties in optics, photonics, or sensors. Multiple beams
can also be generated by phase masks [135]. However, these
approaches are limited to relatively thin films and to produce
periodic structures. In this case, polymerization occurs in con-
structive interference volumes. In destructive interference vol-
umes, the photonic conditions are selected to remain below the
polymerization threshold, and thus the 3D piece is obtained
after elimination of the non-reacting resin.

These interferometric approaches involve phase-controlled
coherent beams, which result in the interference in the resin.
Shushteff et al. showed that this concept can be extended to
three structured non-coherent beams that intercept in the resin
[136]. The beams are structured to ensure that they intersect to
add up in the volumes to be polymerized. The sum of the
intensities enables them to exceed the polymerization threshold
in these volumes. In the other volumes, the polymerization
threshold is not reached, and the resin remains liquid. The con-
cept thus seems simple, but its implementation is in fact del-
icate. It is necessary to structure the three writing beams to
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Fig. 14. (a) Scheme of the experimental set-up for the volumetric
AM in one step and examples of realizations. (b) The comparison of
the performance of this technique with the main AM techniques [136].

simultaneously generate the dose necessary for polymerization
at the exact places to be polymerized. In particular, it is impor-
tant to take into account the attenuation of the beam by the
absorption of the resin. Finally, the control of the polymerized
areas requires a fine control of the polymerization inhibition
conditions. In the case of radical polymerization systems, oxy-
gen dissolved in the resin is a good component. Figure 14(a)
shows the experimental set-up with the three writing beams as
well as realizations of the millimetric objects. Figure 14(b) com-
pares the technique to other reference AM techniques, showing
the very interesting positioning in terms of fabrication speed.

B. Computed Axial Lithography

In the previous example, the object must be generated from
three beams that irradiate the resin simultaneously. A recently
proposed alternative is based on the same principle of deposit-
ing locally in 3D the dose necessary for polymerization.
However, in this case, the accumulation of light progresses
through successive irradiations by changing the angle of inci-
dence between irradiations [137].

The computed axial lithography method (CAL) [138] is
thus designed to expose the transparent resin by projecting
2D images at different angles around an azimuthal axis. The
approach is largely inspired by a cancer treatment technology
used in radiology, intensity modulated radiation therapy
(IMRT) [139]. A major component of this technology was
the development of a computational algorithm to design the
projected image from each angle based on a target.

Figure 15 illustrates the potential of the technique. The re-
production of Le Penseur from Auguste Rodin has been real-
ized by projecting multiple images in the resin [Fig. 15(a)]. The
images are generated by a classical DLP projector, which dif-
fuses the series of images by synchronization with the rotation
angle of the resin tank [Fig. 15(b)]. The sequence of photo-
graphs [Fig. 15(c)] shows the sequence of images in the manu-
facturing time of less than a minute. Examples of the
fabrication are given in Fig. 15(d).

From a chemical point of view, this principle is based on the
possibility of very precisely controlling the photopolymeriza-
tion threshold. It should be noted that the threshold observed
is the gelation threshold, which corresponds to the threshold
beyond which the material is sufficiently resistant to withstand
post-processing (development in a solvent) while remaining at-
tached to neighboring material (adjacent layer or voxel). This
threshold is, from a definition point of view, different from the
polymerization initiation threshold defined as the threshold at
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Fig. 15. (a) Schematic of the axial volume lithography technique,
(b) schematic of the device, (c) photographs of the sample being fab-
ricated, and (d) examples of objects fabricated with this technique in
different materials and sizes [137].

which the conversion of monomers into polymer starts. This
threshold is itself closely related to the inhibition threshold,
which corresponds to the dose necessary to consume the inhib-
itors in the formulation (including oxygen, generally in radical
photopolymerization). The conversion of monomers starts ef-
ficiently only when the inhibitor concentration has dropped
below a threshold concentration. The light profiles projected
in the resin ensure that for each point in space, a dose of energy
is deposited. If this dose is below the threshold, then the resin
is not insufficiently exposed and will be eliminated during de-
velopment. If the threshold dose is exceeded, then the cross-
linking of the polymer network is sufficient to resist the solvent
and the part is formed.

Such a technology appears extremely interesting for the
rapid generation of macroscopic objects more homogeneous
than by layer-wise or point-wise manufacturing. However,
the complexity of the decomposition of the object into images
for the different angles can limit the practical applications, pri-
marily because this decomposition depends on the resin used.
In particular, the problems of absorption by the resin on the
beam path must be integrated, which limits the size and res-
olution of the accessible objects. Typically, a resolution of the
order of 300 pm is obtained. Recently, the resolution has been
improved by an optimization of the process [140]. However,
this technology seems very well adapted to produce rotationally
symmetrical objects such as optical elements in general.

C. Xolography
A new volumetric approach, xolography, has recently been pro-
posed [141]. This is a two-color technique based on the use of
photocommutable photoinitiators. By irradiation at the wave-
length A; = 375 nm, the spiropyran photoinitiator, uncolored
in its initial form, is transformed into latent merocyanine with
an absorption band between 450 and 700 nm. By irradiation in
this wavelength range (4, = 550 nm), an excited state of the
benzophenone is reached which, in combination with the co-
initiator, initiates the radical polymerization process. It is im-
portant to note that if the latent merocyanine is not exposed to
visible light, then it returns to the initial spiropyran state with a
half-life of #,/, = 6 s in the resin.

Thus, the inhibition wavelength 4, enables the definition of
the zones in which polymerization does not occur while the
light of polymerization wavelength 4, propagates to fabricate

— .

Fig. 16. (a) Schematic of the xolography technique and specific
photocommutable photoinitiator synthesized at the base of this ap-
proach. The spectrum of the photoinitiator in its initial form is in
black, and after irradiation in the UV (1, = 375 nm), it switches
to a shape that has an absorption band in the visible (blue spectrum).
(b) Examples of objects made with the xolography technique [141].

the object [Fig. 16(a)]. Compared to other volumetric printing
methods, this technique achieves a resolution approximately
ten times higher than that of axial lithography and a fabrication
speed four to five orders of magnitude higher than that of two-
photon photopolymerization, making it a potentially promis-
ing technique. Figure 16(b) shows some examples of this tech-
nology. Note, however, that this technology is limited in size by
resin absorption issues.

8. CONCLUSION

This review illustrates the advantages and the diversity of re-
cently developed approaches using UV processes for optical ap-
plications in the field of additive manufacturing. In the field of
optics, these technologies have the following advantages: rapid
transition from design to component with infinite possibilities
of customization, possibility of obtaining desired properties
by incorporating different materials, capability of fabricating
complex structures to obtain (multi)functional objects, and re-
duction of environmental damage by reducing wastage as com-
pared to subtractive processes. Furthermore, the contribution
of photopolymerization enables the use of green energy and
limits the use of environmentally polluting solvents.
However, these technologies neither completely satisfy the re-
quirements of optical applications nor exhibit performances
comparable to those of conventional processes. In conclusion,
these techniques require further improvement in several criteria,
such as high fabrication speed combined with sub-micrometer
scale fabrication precision, homogeneity and isotropy of the final
material, refractive index control, and surface finish.
Nevertheless, in comparison to the initial AM technologies
that were not dedicated to optical applications, considerable
progress has been made. However, no single technology has
become the absolute reference in the field of optics. Primarily,
the manufacturing speed must be improved while guaranteeing
homogeneous optical properties. Moreover, the finished prod-
uct must possess an optical quality surface, enabling direct use,
without any additional post-processing. In addition, active
functions can be integrated into the finished products [142].
One possible method for this is the integration of functional
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materials such as photochromic, electrochromic, luminescent,
and (semi)conductive molecules or particles.

Considering the recent results presented in this review, these
advances will be possible only through interdisciplinary work
involving fundamental advances in fields as diverse as photo-
chemistry, physical chemistry, and macromolecular chemistry.
Furthermore, the development of the irradiation devices is criti-
cal to achieving the required optimal technique. This requires
technological developments of hardware, software, optics to
master the manipulation of the irradiation beam, and its action
on the photopolymer.

APPENDIX A: ABBREVIATIONS

3D Three-dimensional

AIBN Azobisisobutyronitrile

AM Additive manufacturing

Bis-GMA Bisphenol A-glycidyl methacrylate
CAD Computer assisted design

CAL Computed axial lithography

CLIP Continuous liquid interface propagation
CTC Charge transfer complex

DLP Digital light processing

DMD Digital micromirror

DOE Diffractive optical elements

FPP Frontal photopolymerization
HDFDMA 1H,1H,2H,2H-heptadecafluorodecyl methacrylate
IMRT Intensity modulated radiation therapy
LED Light-emitting diode

LOPA Ultra-low photon absorption

lp.mm Line pairs per millimeter

M Monomer

MDML Mask-directed multiphoton lithography
Mm Millimeter

NIR Near infrared

Nm Nanometer

PDMS Polydimethylsiloxane

PI Photoinitiator

PI* Photoinitiator in excited state

PS Photosensitizer

R Radical

SEM Scanning electron microscope

SLA Laser-stereolithography

STED Stimulated emission depletion
TEGMA Triethylene glycol dimethacrylate

TPA Two-photon absorption

TPGDA Tri(propylene glycol) diacrylate

TPO Diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide
TPS Two-photon stereolithography

uv Ultra-violet

Hm Micrometer

uSLA Micro-stereolithography
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