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ARTICLE INFO ABSTRACT

Keywords: The demand for optical components such as microlenses has been growing at a rapid rate in recent years. While
3D Inkjet printing conventional methods for manufacturing these components are well known, they are often time-consuming,
Microlens

detrimental for the environment and unable to keep up with the increasing demand. To overcome these is-
sues, the technique of three-dimensional (3D) inkjet printing has attracted much attention. The aim of this review
was to investigate the 3D inkjet printing process as a technique for the fabrication of microlenses and identify the
key components and methodologies which can be used to control the properties of the resultant microlenses. 3D
Inkjet printing was identifed as a viable alternative for the production of microlenses owing to its high fexi-
bility, scalability and effciency as well as its ability to produce good quality products. Substrate modifcation
was shown as a key method by which the geometric and optical properties of microlenses can be controlled.
Organic materials such as acrylates and epoxies, and hybrid materials such as siloxanes were shown to be the
most common base materials in photo-crosslinkable inkjet formulations and the effects of incorporation of

Refractive index
Photo-crosslinkable resin
Additive manufacturing

organic compounds and inorganic nanoparticles on the material refractive index were studied.

1. Introduction

The last two decades have seen considerable growth in the devel-
opment of optical, micro-optical and optoelectronic devices. These de-
vices range from sensors, photodetectors and optical cables to cameras,
lasers and light emitting diodes (LED’s) [1-4]. Key components of these
devices are microlenses and microlens arrays, which are primarily used
in optical products owing to their ability to collect light effciently [5].
Microlenses are small lenses with sizes ranging from the millimeter to
the nanometer range [6]. Depending on the method of fabrication,
microlenses with varying sizes can be achieved and when prepared via
inkjet printing, microlenses with diameters around 50-100 pm can be
achieved [7]. As the demand for these components continues to grow,
there is a need to identify methods by which these components can be
fabricated in increased quantities, while simultaneously maintaining
their desirable properties and reducing the environmental footprint of
their manufacturing processes.

Amongst the numerous techniques under consideration for the future
mass production of microlenses is three-dimensional (3D) inkjet printing

of photo-crosslinkable resins. Inkjet printing of photo-crosslinkable
resins allows for the production of microlenses at an extremely fast
rate, while maintaining Ffexibility and low costs [8,9]. However, the
properties of the resins used for the preparation of microlenses have to
be very well controlled in order to achieve a high-quality product [10].
Furthermore, the control of certain properties of the lenses, such as its
refractive index, often necessitates the modifcation of the resins
employed [11]. Therefore, there is a need to better understand the
different types of materials that can be employed for the production of
microlenses as well as identify the alterations needed to produce com-
ponents with the desired properties.

This article aims to investigate the components and properties of
photo-crosslinkable materials that can be employed for the fabrication
of microlenses via 3D inkjet printing. The effect of different component
characteristics on the resultant microlenses will also be investigated and
a special emphasis will be placed on identifying ways by which the
refractive index of the produced microlenses can be controlled.
Furthermore, the different techniques that can be employed for the
fabrication of microlenses will be compared.

Abbreviations: 3D, three-dimensional; BMA, benzyl methacrylate; CAD, computer aided design; CCVD, combustion chemical vapor deposition; CIJ, continuous
inkjet; CVD, chemical vapor deposition; DMPA, 2,2-dimethoxy-2-phenylacetophenone; dpi, dots per inch; DOD, drop-on-demand; FOTS, trichloro(1H,1H,2H,2H-
perfuorooctyl) silane; GBL, gamma-butyrolactone; GRIN, gradient refractive index; LED’s, light emitting diodes; MW, molecular weight; PDMS, poly-
dimethylsiloxane; SAM, self-assembled monolayer; THC, hexacoordinated titanium complexes; UV, ultraviolet; VOC’s, volatile organic compounds.
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2. Manufacturing techniques for microlenses

Several modern-day techniques are available for the fabrication of
microlenses [12]. Some of the most common fabrication techniques
include thermal refow, hot embossing, inkjet printing, wet etching, soft
lithography, two photon polymerization and Digital Light Processing
(DLP) based vat photopolymerization [7,12-17].

The thermal refow technique frst involves the fabrication of
photoresist cylinders, which are in turn prepared by photolithography,
by utilizing a mask with circular patterns. The cylindrical photoresist
material is then heated until it melts and takes up a spherical shape due
to the infuence of surface tension [13]. The main advantages of this
technique include its relative simplicity, low cost and low surface
roughness of the produced microlens. However, the melting of the
photoresist requires high temperatures and it can often be diffcult to
obtain lenses with large numerical apertures [18-20].

The process of hot embossing frst involves the fabrication of a mold
with circular openings. Then, the mold is brought into contact with the
polymeric material which is itself placed between two heating plates.
Heat and pressure are then applied and subsequently removed to pro-
duce the microlens [21]. This technique is a low cost process and allows
for high repeatability, however, it suffers from the need for higher
temperatures during fabrication [22-24].

The process of wet etching utilizes chemical reactions to obtain
microlenses. This involves the usage of mask layers on the substrate. The
substrate is then etched to produce the spherical shape followed by the
removal of the mask itself [25]. The need for a mask makes processing
diffcult and drives up equipment costs, however maskless wet etching
has also been developed, which allows for good surface properties of the
lenses and a high repeatability [26,27].

Soft lithography requires the use of a master mold onto which pol-
ydimethylsiloxane (PDMS) is cast. This is then followed by curing and
peeling off of the PDMS mold. This PDMS mold then acts as the base
layer onto which the photo-crosslinkable material is cast and cured and
in the end, this mold is removed to attain the microlenses [28]. The main
advantage of this technique is that it can produce microlenses over large
areas; however, the need to fabricate a master mold in advance leads to
increased costs [29-31].

The technique of two photon polymerization involves the application
of femtosecond laser energy onto a photosensitive material. The
nonlinear, multiphoton absorption of this energy leads to the polymer-
ization of the material at the focal spot of the laser [6,16]. This tech-
nique allows for the fabrication of highly accurate, high resolution
microlenses. However, femtosecond lasers tend to be expensive and lead
to high processing costs [6,7].

Digital Light Processing based vat photopolymerization is an addi-
tive manufacturing technique in which ultraviolet (UV) light is projected
onto a photopolymer resin placed inside a vat. The application of UV
light leads to the curing and hardening of an entire layer of the resin at
once and the build platform is then moved to accommodate subsequent
layers [17]. The main advantages of this technique for the fabrication of
microlenses are low cost, high processing speeds and ability to generate
microlenses with different curvatures. The surface roughness of micro-
lenses produced using this technique is however greater than those
produced using other methods [17,32].

While the use of these techniques produces high quality microlenses,
these methods also suffer from numerous disadvantages such as poor
cost-effciency, low rates of production, material wastage and high
complexity [8,11,33].

In comparison to these techniques and conventional methods, the
direct method of inkjet printing offers several advantages. The printed
parts are built up in the form of layers, where only the amount of raw
material required for the manufacturing of the part is used. In addition,
many post manufacturing processes such as shaping and grinding can be
eliminated, which prevents wastage of valuable raw materials and leads
to a more cost effective, effcient and sustainable process [34,35].

Moreover, inkjet printing allows for the precise control of the
droplets of ink or resin onto the substrate. This control over the droplet
positioning allows for the accurate tailoring of properties of the printed
part and provides a good quality optical product. Additionally, since the
part can be printed directly from Computer Aided Design (CAD) data, it
eliminates the need for tooling [34,35]. It is also a non-contact method,
which allows for the use of a variety of substrates of different sizes and
materials [36]. In addition, the substrates themselves can be modifed as
required. For example, to produce microlenses with a higher numerical
aperture, the surfaces of substrates can be chemically modifed to ach-
ieve larger contact angles, leading to a higher numerical aperture of the
fnal component [37,38].

Finally, inkjet printing is also a scalable process. If a larger number of
parts need to be printed, multiple printheads with several nozzles can be
utilized to fabricate more parts. This makes it an ideal method for the
mass production of components. All these factors make inkjet printing
an attractive method to produce microlenses [35,37,39]. The major
advantages and disadvantages of different manufacturing techniques for
microlenses are summarized in Table 1.

3. 3D inkjet printing
3.1. Fundamentals of 3D inkjet printing

The process of 3D inkjet printing involves the generation of droplets
of material, which are deposited onto a substrate under digital control
and subsequently solidifed to produce the fnal product. Different
classes of materials have been used to produce components via inkjet
printing, including metals, ceramics and polymers. There are numerous
ways to solidify the deposited droplets such as solvent evaporation,
cooling of low molecular weight (MW) polymers and ultraviolet curing,
which are illustrated in Fig. 1 [40,41].

The Frst inkjet printing process utilizing a UV lamp for the solidif-
cation of deposited droplets was the PolyJet process [42]. The frst step
of this process involved the generation of a software data Fle containing
a virtual representation of the desired part. This data fle was then
altered into a set of different data Fles until the required virtual repre-
sentation was produced. This data fle was then used to build up the
actual part in a layer by layer manner with the printer generating
droplets which were deposited onto a platform and cured using light
from a UV lamp [42,43]. A schematic diagram of the process is pre-
sented in Fig. 2. Modern day inkjet printers are based on the same
principles; however, modifcations and enhancements to the technique
have allowed for the development of products with a higher resolution.

3.2. Drop formation

The fabrication stage of the inkjet printing process begins with the
generation of droplets, which ultimately solidify to form the fnal
component. Continuous Inkjet (CIJ) and Drop-on-Demand (DOD) are
two major methods by which drops can be generated in inkjet printing
[44].

In the CI1J method, a continuous stream of the ink or resin is ejected
from the nozzle. As the stream leaves the nozzle and travels downwards,
it breaks and separates into a series of drops. The spacing between the
individual droplets as well as their volume is modifed as required by
controlling different parameters of the printer such as the nozzle
diameter [40]. The print quality of this process, however, is not suff-
ciently high to be used for the fabrication of microlenses and is generally
used to generate codes on packaged products.

DOD inkjet printers only generate droplets as and when required. In
addition, DOD inkjet printers do not contain the system of electrodes
present in CIJ printers to control droplet positioning, and their absence
means the nozzles can be placed closer to the substrate itself and smaller
drop sizes can be obtained. The most common DOD inkjet printers are
the thermal and piezoelectric type printers [35,45-47].
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Table 1
A summary of the major advantages and disadvantages of different techniques used for the manufacturing of microlenses.
Technique Advantages Disadvantages References
Thermal refow Relatively simple, low cost, low surface roughness High temperature requirements, large aperture [18-20]
values are hard to obtain
Hot embossing Low cost, high repeatability High temperature requirements [22-24]

3D Inkjet Highly fexible, accurate tailoring of optical properties, option of
substrate modifcation, suitable for mass production, minimal post-
processing, negligible material wastage, noncontact method

Wet etching Good surface properties, high repeatability in the maskless process

Soft lithography

Two photon
polymerization

DLP based vat photo-
polymerization

Produces microlenses over large areas
High accuracy and resolution

Low cost, fast fabrication, ability to prepare different microlenses

Uncertain printing parameters, limited knowledge
of ink formulations, diffcult geometry control for
unmodifed substrates

[6-8,10-12,33-41,52,57,
72,87,88,90-95,98,112,
114,117,118]

High equipment costs and diffculty in processing [23,24]
due to the need for a mask

High cost due to need for master mold [29-31]
High cost due to expensive femtosecond laser [6,7]
High surface roughness [17,32]

Depositing low MW
polymer

Cooling

Depositing oligomer

Curing (UV, thermal)

Finished Product

LU

Depositing polymer
solution

Solvent evaporation

Fig. 1. Methods to solidify polymer droplets in 3D inkjet printing.
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Fig. 2. A schematic diagram of the PolyJet process [42].

Thermal DOD inkjet printers generate droplets by imparting a pres-
sure pulse onto the ink via a heating element. The ink to be printed is
brought into contact with a heating element, resulting in the develop-
ment and collapse of a vapor bubble which forces the ink through the
nozzle [34,35]. These printers are generally not employed for 3D
fabrication owing to its larger droplet sizes and the need for inks to
withstand high temperatures.

Piezoelectric DOD inkjet printers employ a piezoelectric element to

generate a pressure pulse which ultimately leads to drop formation [41,
45]. A voltage or electric impulse is applied onto the piezoelectric
element. This generates a pressure pulse which forces the ejection of a
droplet from the nozzle. The removal of the voltage then allows the ink
to be reflled as the piezoelectric element returns to its original shape.
Piezoelectric DOD inkjet printers are generally preferred over other
DOD printers for 3D fabrication. A schematic of this technique is illus-
trated in Fig. 3.

Each parameter in the inkjet printing process can affect other pa-
rameters and eventually infuence the fnal properties of the fabricated
component. The properties of the ejected droplets depend on several
factors such as surface tension, density and viscosity of the inks used as
well as the waveform characteristics used for piezoelectric excitation
[35,48]. The infuence of the interfacial, viscous and inertial forces can
be represented by the Ohnesorge number, which is the ratio of the
square root of the Weber number to the Reynolds number. The inverse of
the Ohnesorge number is known as the Z parameter and it is the Z
number which identifes the printability of an ink. The limits for the Z
parameter of an ink which lead to stable drop formation are between 10
and 1 [49].

The piezoelectric excitation process itself is dependent on a number
of variables such as the waveform, driving voltage and pulse width.
Researchers have attempted to design several waveforms to control
droplet behavior. These range from single square waveforms, double
square waveforms, bipolar waveforms and W and M shaped waveforms
[48,50]. Liu et al. [48] investigated the effect of employing different
waveforms on the process of droplet formation for fuids with varying
viscosities. They showed that for droplets of low viscosity Fuids gener-
ated under the same conditions, the single waveform led to the forma-
tion of satellite drops while the double waveform generated a single
droplet. They also showed that the use of a bipolar waveform for high
viscosity Fuids led to better drop generation than the single waveform.
Gan et al. [50] studied the effect of different waveforms on droplet
volumes. They showed that using an M shaped waveform produced
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Fig. 3. A schematic of the piezoelectric DOD process [35].

droplets with lower volumes for both high and low viscosity fuids as
compared to a unipolar waveform. A bipolar waveform was then
introduced which showed a further reduction in droplet volumes only
for low viscosity fuids, while further volume reduction for high vis-
cosity Fuids was then achieved by using a W shaped waveform.

The size of the formed droplet can also be altered by varying the
voltage applied to the piezoelectric element [35,51,52]. Droplets with
smaller volumes can be obtained by the application of lower voltages
while larger droplets are formed by applying higher voltages, with the
two showcasing a linear relationship. Similarly, low voltages generally
produce droplets with low velocities while increasing the applied
voltage also increases drop velocities. The drop velocity itself can in-
Ffuence the fnal properties of the deposited droplets, with large veloc-
ities generating droplets with higher diameters.

The pulse width shows a complex relationship with drop velocity,
with an increase in pulse width also leading to increasing drop velocity
until a point of maximum velocity is attained, beyond which increasing
pulse width reduces drop velocity. This maximum velocity remains the
same on increasing voltage and is instead infuenced by the properties of
the Fuid used for the printing process [53,54]. The viscosity of the ink
droplets is largely controlled by the presence of reactive diluents and
monomers but heating the nozzle to higher temperatures can also con-
trol ink viscosities. Voigt et al. [33] achieved stable droplet formation by
heating the nozzle to temperatures ranging from room temperature up to
70 C, thereby altering the viscosity of different inks. It is therefore
important to understand the interplay between these different parame-
ters and the infuence they have over the fnal product properties.

3.3. Drop deposition and ink fxation

In order to fabricate an inkjet-printed component with a high reso-
lution as well as good quality, it is necessary to precisely position the
generated droplets onto a substrate. The successful deposition of a
droplet onto a substrate and its subsequent phase change from the liquid

to the solid state is a multi-stage process governed by a number of fac-
tors. Precise control over each of these factors allows for the fabrication
of a component with the desired properties [40,55].

One factor which can negatively interfere with the positioning of the
droplets is atmospheric drag, which is largely dependent on the distance
between the nozzle and the substrate [35,56]. Every droplet ejected
from a nozzle contains a certain amount of kinetic energy; however, as
the droplet travels through the air before contacting the substrate, it
loses a part of that energy. In order to reduce this loss and precisely
control droplet positioning, the distance between the nozzle and the
substrate must be below 2 mm.

After impacting the substrate, the droplet spreads due to inertial
forces and takes a spherical cap shape. The droplet then spreads further
as its kinetic energy is converted into surface energy. A maximum point
of spreading is then obtained, following which the droplet retracts and
releases energy due to viscous forces and Fnally takes a stationary shape
[35,40]. The fnal size of the stationary droplet can be represented by
Eq. (1)-

1

(0}
deq dog

0,
tan—=! 3

% 2
5 tan-

Where dgq is the base equilibrium diameter, d, is the diameter of the
initial droplet and Ogq is the equilibrium contact angle.

From Eq. 1, it can be seen that the diameter of the droplet present on
the substrate after ejection is dependent on the diameter of the ejected
droplet, controlled via the nozzle, and the equilibrium contact angle of
the ink with the substrate, which are represented in Fig. 4.

The resolution in inkjet printing can be improved by reducing the
size of the generated droplets, which in turn can be achieved by printing
with nozzles of small diameters or applying a low excitation voltage onto
the piezoelectric element. However, smaller droplet sizes can lead to
diffculties in controlling their positioning on the substrate and lead to
the clogging of the nozzle. Generally, droplet diameters below 10 um are
not generated [51,57]. Today, several commercial DOD inkjet print-
heads with high resolutions of up to 1200 dpi (dots per inch) are
available, such as the Xaar 5601, Kyocera KJ4B-1200 and the HP
PageWide Web Press T250 HD [58].

4. Inks for inkjet printing and their properties

One of the most crucial aspects of a 3D inkjet printing setup is the ink
used to fabricate the required components or products. The selection or
formulation of a 3D inkjet printing ink is done based on the desired
properties and applications of the fabricated part. However, for an ink to
be compatible with the inkjet printing process, it must fulfll certain
basic requirements in addition to providing the right blend of properties
to the Fnal product. An inkjet printing ink should consist of components
which are compatible with the material of construction of the printer,
the viscosity of the ink must lie within the limitations of the inkjet

Fig. 4. The diameter and contact angle of a a) fying and b) stationary droplet
at equilibrium [35].
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printer employed and the ink must form a stable meniscus at the nozzle
of the print head to enable good droplet formation [40].

Based on the nature of the solvent, inkjet inks can be of many types.
These include aqueous inks, oil-based inks, solvent-based inks and UV
curable inks or resins [40]. While all these inks are regularly employed
in additive manufacturing, the usage of UV curable inks has grown
signifcantly in recent years [59]. This increase in the use of UV curable
inks can be attributed to its many advantages, which include the pres-
ence of little to no volatile organic chemicals (VOC’s), instantaneous
cross-linking, good quality products due to the absence of solvent
evaporation, good adhesion with a number of substrates and low energy
requirements [59-61]. All of these factors make UV curable inks highly
suitable for digital fabrication.

4.1. Components of UV cured inks

The components of a UV curable ink can in general be divided into
three categories. These are — monomers/oligomers, photoinitiators and
additives. The monomers or oligomers are the base raw material present
in the largest quantities in all UV resin formulations. These materials
undergo polymerization and subsequent cross-linking, which converts
deposited droplets from the liquid state to the solid state. Photoinitiators
are substances, which bring about polymerization of the monomers or
oligomers upon contact with UV radiation. Additives are a class of ma-
terials that are added into a formulation to impart certain desired
properties to the resin. Different types of substances can be used as ad-
ditives. These include substances which enhance the performance,
adhesion, and durability of the ink. For the fabrication of microlenses via
inkjet printing, resin formulations often contain additives that reduce
the viscosity of the resin as well as substances which can modify or in-
Fuence the refractive index of the material [59,62].

4.1.1. Monomers and oligomers in UV curable inks

Suitable monomers and/or oligomers act as the base raw material for
every UV curable ink. There are two types of UV curable inks depending
on their technique and mechanism of solidifcation. These are free
radical polymerization-based inks and cationic polymerization-based
inks. While both types of inks rely on UV radiation to bring about so-
lidifcation, the raw materials and polymerization mechanisms of both
inks are different [63].

Free radical polymerization-based inks are seen more predominantly
in the Feld of additive manufacturing. These inks provide a good blend
of fnal properties. In addition to this, a wider range of raw materials are
available for use as components in free radical inks as compared to
cationic-based inks. The curing process is also faster for free radical inks.
However, the curing of these inks is inhibited by the presence of oxygen
[62,63]. This can be prevented by curing in a nitrogen rich atmosphere
[64].

Cationic polymerization-based inks have no oxygen sensitivity and
provide high adhesion with a range of substrates. They also demonstrate
lower shrinkage. These inks also require a lower energy density as cross-
linking continues even after the removal of the UV radiation source.
However, the raw materials for these inks tend to be expensive and are
very moisture sensitive [63,65]. Some features of both types of UV
curable inks are compared in Table 2.

The most commonly used monomers in UV ink formulations are
monofunctional and multifunctional acrylates, which cross-link via free
radical chain-growth polymerization [34]. Their main advantages
include high reactivity, good resistance to hydrolysis, photo stability,
excellent optical performance and transparency. They also provide good
mechanical and thermal stability to the fnal product. Acrylate mono-
mers also help in lowering the viscosity of the overall ink composition,
allowing for the printing of parts via the inkjet technique. Acrylates are
also highly versatile and can accommodate a wide range of functional-
ities. The different functionalities all provide their own set of properties
to the monomer, allowing for a wide range of properties to be achieved

Table 2
A comparison of the major differences between free radical and cationic-based
UV curable inks [65].

Feature Free Radical Inks Cationic Inks
Cure Speed High Moderate to high
Initiation Light Light or heat
Oxygen sensitivity Yes No

Shrinkage Large Negligible
Adhesion Moderate to good Excellent

Post Cure Limited effect Strong effect
Chemical resistance Good Moderate to good
Humidity resistance No Yes

Acid/base sensitivity No Yes

as required [34,66]. Table 3 shows the infuence of varying acrylate
functionalities on the properties of the ink.

As can be seen in Table 3, an increase in acrylate functionality of the
monomer increases the curing response, hardness and solvent resistance
and reduces the fexibility and adhesion of the ink, which is due to
increasing cross-linking density [34]. In addition, increasing the func-
tionality of acrylates also increases the viscosity of the ink, which must
be regulated for inkjet printing. Acrylate monomers generally provide
good adhesion with polar plastics; however, their adhesion to non-polar
plastics is generally lower. In addition to acrylate monomers, oligomers
are also used in UV ink formulations [62,67]. Oligomers are the com-
ponents which are largely responsible for imparting the basic properties
to the printed part. They are highly viscous, and as a result, they are
generally used in conjunction with acrylate monomers in UV ink for-
mulations. Commonly used acrylate oligomers include polyester acry-
lates, urethane acrylates and epoxy acrylates. Of these, the polyester
acrylates generally have the lowest viscosity, which makes them more
suitable for inkjet printing. However, they tend to have inferior prop-
erties as compared to the others. Urethane acrylates are highly versatile
and can provide a wide range of different properties; however, their high
viscosities limit their use in inkjet applications [68].

While acrylate-based monomers and oligomers remain the material
of choice for many inkjet printing applications, there are also other
classes of materials that have been employed to produce microlenses via
inkjet printing. The biggest among these are epoxy-based resins. These
provide good mechanical properties, relatively high thermal as well as
chemical resistance and good optical properties [69]. Fig. 5 shows
microlens arrays produced by employing epoxy resins. Vinyl ethers are
another class of materials which have received signifcant interest from
researchers in recent years owing to their fast curing rates. Both mate-
rials cross link via cationic polymerization [70].

In addition to purely organic monomers and oligomers, the use of
hybrid organic-inorganic resins as raw materials in UV inkjet formula-
tions is receiving increased attention. Hybrid organic-inorganic resins
provide several advantages such as straightforward preparation, good
mechanical and chemical properties, relatively simple modifcation, and
good optical quality [71]. However, the viscosities of these resins are
generally too large to be printed directly using 3D inkjet printing, which
necessitates the use of solvents to reduce their viscosity and make them
suitable for inkjet printing [72].

Siloxane-based polymers and resins are the most commonly used
class of materials for the manufacturing of microlenses within the feld

Table 3
The effect of different acrylate functionalities on the Fnal properties of the ink
[34].

Property Monoacrylate Diacrylate Triacrylate Tetraacrylate
Cure response Slow Moderate Fast Fastest
Flexibility Very fexible Flexible