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ARTICLE INFO ABSTRACT

Keywords: Injection molding (IM) is the most efficient mass production technology for manufacturing polymers in complex
Injection molding and detailed geometries with high precision. Although, with the demanding requirements for the optical com-
Optics

ponents, the manufacturing process continues to be a challenge. The majority of optical components require high
optical quality with low residual stress, high replication degree, and precisely controlled surface contours, which
require a high control of the processing parameters and high-precision optical mold inserts. The main scope of
this review is to describe recent progress in the IM, in particular, in the production of high-precision optical
lenses. Thereby, an overview of the influence of process parameters, the emerging technologies able to improve
the quality of molded components, and the fabrication technologies to produce optical inserts are provided.
Furthermore, this review also reports the enhancement of optical performance by using optical coatings. Anti-
reflective (AR) coatings, their fabrication techniques, as well as the methodologies typically employed for

Residual stress
Anti-reflective coatings
Micro and nanostructures

characterization are also addressed.

1. Introduction

In recent years, polymers have undergone great growth in the pro-
duction of optical components, in special optical lenses such as Fresnel
lenses, freeform lenses, aspheric lenses, microlens, or microlenses ar-
rays, and diffractive optical elements, thus far manufactured from glass.
Optical polymers allow complex optical designs with several surfaces
and various assembly features, previously limited to the demand and
high-cost manufacturing processes of glass. These products have been
used widely in various fields, such as automotive [1], lighting [2],
photovoltaic [3], electronics [4-7], ophthalmology [8], and medical
[9].

In the development of optical lenses, the surface quality, curvature,
and surface optical design are extremely important to describe their
optical performance. Depending on the purpose, different lenses may be
used, such as simple spherical lenses and aspherical lenses, as well as
freeform and microstructured lenses. However, not only the geometry
affects the performance and functionality, but the combination of ma-

terial, manufacturing process, process condition, and mold, may also
lead to different optical functionality [10]. Manufacturing techniques
such as IM, injection compression molding (ICM), and microinjection
molding (p IM) have been increasingly used in the production of optical
components, allowing high production rates, low cost, and automation,
which helps the mass production of these components [11]. These
techniques may reproduce complex geometries and microstructures,
with optical properties comparable to glass with the advantage of high
reproducibility [10].

The most common polymers used in the production of optical com-
ponents are Poly(methyl methacrylate) (PMMA) best known for acrylic
[12], polycarbonate (PC) [13], cyclic olefin copolymer (COC) [14], and
cyclic olefin polymer (COP) [15], which provide good technical prop-
erties regarding internal stresses, low water absorption, and optimized
weather resistance. In combination with microstructured features, their
optical properties may be enhanced and become similar to optical glass
[16]. Furthermore, additional functions can be conferred by depositing
coatings on a polymer optical lens after IM, which enables the
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enhancement of optical and mechanical performance. In the literature,
different coatings have been reported, such as AR coating [17,18] to
reduce reflection and improve the lens efficiency, scratch-proof coatings
[19] for increased lens durability, anti-fogging coatings [20], and
dielectric mirror coatings.

In general, optical lenses need precisely controlled surface contours
to realize their optical design, high accuracy (a few microns or less), a
surface roughness close to 10 nm, and low birefringence [21]. However,
the IM is the main cause of the increase of birefringence and form de-
viations, due to flow-induced residual stress attributed to molecular
orientation during the filling stage, and thermal residual stress due to
shrinkage during the cooling stage. In this way, process conditions have
a significant effect on the molded lenses quality [22]. The
manufacturing of optical components emerges as a great challenge, in
many ways, in machine technology, fabrication technologies for optical
mold insert as well as in process control. With the development of ma-
terial science and tooling technology, molded lenses quality may be
significantly improved. Even though, the production of optical lenses
with microstructures and other geometric details is still not matured and
optimized at the industry level. To obtain the exact reproduction of
microstructures, the process needs to be optimized concerning the pro-
cess parameters, which result in small process windows.

It has been demonstrated in the literature, that molded optical parts
can achieve well-controlled surface contours and reduced residual stress
in the final part by using an appropriate mold and inserts, as well as
through process optimization [23-25]. Recent research has been carried
out on the analysis and numerical simulations of optical performance
[26-30]. In this review, is present the work accomplished so far in the
development of optical lenses produced by IM and its variants. Optical
polymers and their most important properties, the influence of process
parameters as well as the technologies that allow the improvement of
optical quality and replication, such as the use of dynamic mold tem-
perature control and vacuum venting are presented. The review also
highlights a brief overview of AR coatings on polymer lenses to improve
optical performance. Finally, the fabrication technologies for optical
mold inserts and the current challenges in the field are discussed.

2. Stress birefringence theory

Stress-induced birefringence is a typical phenomenon inevitable in
polymer optical components. As a result of residual stress inside the
molded component, a straightening and disentanglement of the molec-
ular chains occur, changing the optical properties in the direction of the
stress, which results in an anisotropic material [31]. The refractive
index, which represents the ratio of the velocity of light in a vacuum to
the velocity of light in a material, varies as a function of stress. Due to the
anisotropic property, the refractive index is divided in two directions in
a plane and is refracted into two different rays, i.e. ordinary ray and
extraordinary ray, and their polarizations are orthogonal [32]. This
phenomenon is namely birefringence or double refraction (An) and
Fig. 1 schematizes the mechanism.

The relation between these parameters, which describes the depen-
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Fig. 1. Schematic illustration of birefringence in an injection molded opti-
cal lens.
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dence of the stress and the refractive index, is expressed by Egs. (1)-(3).
It was reported, for a linearly elastic material, a change in refractive
index was linearly proportional to the load, and thus to stresses or strains
[331].

ny —ny = C(6, —07) (€]
ny—ny = C (63— 63) (2)
ny—n, = C (63— 0y) (3)
where 01, 03, and o3 are the principal stresses and nj,ny, and n3 are

principal refractive indices at respective principal stress directions. The
value of C is a constant, named as stress-optic coefficient or photoelastic
coefficient. This parameter is expressed in Brewster (1 Brewster =
1072m? /N = 107'3cm?/dyn). In the case of the plane, o3 is zero and
results:

An = C (06, — 02) 4
where An is the birefringence. This equation is known as stress-optic or
Brewster law and gives the relationship between the birefringence and
residual stress for polymeric materials under stress. The phase difference
between the two light rays traveling through the material with thick-
ness, t, at different velocities is known as optical retardation, §, and is
given in nanometers, by Eq. (5). Different stress-optic coefficients result
in different induced retardance across the object. According to Eq. (6),
higher stress-optic coefficients result in higher retardance [31].

S=Anxt (5)
§=C(oy—0,) xt (6)
The isochromatic fringe order, N, can be determined by Eq. (7).
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where 1 is the wavelength of the incident light. Large fringe orders, or a
large number of fringes, indicate regions of high stress. Common and
simple equipment used to analyze stress birefringence is a polariscope.
The polariscope enables the measurement of the retardation along the
ray path and has been used for quality control lens manufacturing
processes to identify defects and stress distribution [31]. Fig. 2 shows
some examples of the distribution of stress birefringence in optical
components. For instance, Fig. 2 (a) shows the residual stress distribu-
tion of two different polymers, with different values of stress-optic
coefficient.

3. Applications

As previously referred polymer optical lenses may be found in
countless fields, from applications with high-precision and tight re-
quirements to more simple geometries that are cost-effective. Nowa-
days, the optical lenses used in phones cameras, digital cameras, or
security cameras are the most know applications and represent a high
demand in the optical industry since the 80s [16] and, are mainly used
aspherical lenses [4,5].

More recently, in the automobile field, microlenses arrays have been
largely used in laser systems and sensors, such as LiDAR systems [1]. As
a result of the development of self-driving vehicles, the production of
these lenses is expected to grow in the coming years. The microlenses
arrays have a microstructured surface and high-precision is required.
Typically, this microstructured surface is used to homogenize light paths
and to guide the beams into the laser systems. Fresnel lenses are also
applied in the automotive industry as lighting for light-emitting diodes
(LEDs) [37]. They have a microstructured surface with concentric
grooves, which enable enhanced light gathering. Additionally, the
Fresnel lenses are widely applied in the photovoltaic industry, for solar
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Fig. 2. Examples of photoelasticity analysis: (a) high residual stress of PC optical lenses (Panlite AD5503, Teijin®) (left); and low residual stress of PMMA optical
lenses (Plexiglas POQ62, Rhm) (right), analysis through a plane polariscope; (b) plastic cover lens under polarized light. Reprinted with permission from Ref. [34].
Copyright © 2021, Elsevier; (c) injection molded microlens array. Reprinted with permission from Ref. [35]. Copyright © 2021, Elsevier; (d)reduction of residual
stress in microlens arrays through optimization of process parameters. Reprinted with permission from Ref. [36]. Copyright © 2021, Elsevier.

concentrator applications [2]. Freeform lenses are mostly applied in
illumination, such as LEDs [6], and represent a high-volume application
in the optical industry. However, Illumination applications usually need
high-volume manufacturing at moderate or very low costs. Hence, this
represents a challenge since it is necessary to obtain low contour errors
and low surface roughness at limited costs [16,38].

In the medical field, optical lenses also play an important role, as
they are essential for imaging processes sensors, medical systems, and
lighting devices, for instance, endoscopic imaging systems [9,39].
Furthermore, in the ophthalmology field, eyewear and eye contact
lenses are examples of the application of polymer optics as well [5].

Furthermore, functional coatings are widely applied in the optics
industry and polymer optical lenses are examples of it, since they may
help to overcome some limitations of the polymer optical lenses. They
may be used for countless ends, such as thermal control in glazing,
impact and scratch resistance, and increased transmission. AR coatings
are the most applied since they may eliminate unwanted surface re-
flections and increase light transmission. In the same way that optical
lenses, AR coatings are applied in electronic, photovoltaic solar cells,
sensors, such as in lenses applied in automobile industries, camera
lenses, and obviously, ophthalmic lenses to reduce reflectance, glare,
and enhance light transmittance [40]. Other coatings are applied on the
polymer surface that may be combined, or not, with AR coatings, such as
anti-scratch coatings, which are essential to improve the mechanical
behavior of the PC lenses widely used in eyewear applications [41]. The
self-cleaning or superhydrophobic coatings are also broadly used in
optical lenses used in outdoor areas, such as outdoor lighting. Although,
they are also used in solar photovoltaic panels, optical windows, and
windshields [42,43].

In all these fields, it is important to highlight that the adhesion be-
tween the polymer surface and the coating is crucial to create an effi-
cient system [44], with chemistry playing an important role in
controlling superficial bonding, and these remaining a challenge.
However, by modifying or creating new functional groups on the surface
of the polymers, or by changing their roughness, it is possible to change
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the interactions between the substrate and the coating, and conse-
quently, increase their adhesion to other materials [45]. For instance,
magnetron sputtering processes for deposition of optical coatings have
demonstrated outstanding reliability for the fabrication of complex
coating systems such as optical filters for fluorescence spectroscopy and
space applications [46,47] or chirped mirrors for ultrashort pulse lasers
[48]. In addition to filters, the applications also include optoelectronic
devices, ultrasensitive bio-or chemical sensors, absorption enhancement
in solar cells, security devices, tunable filters, and display components.

4. Optical polymers

Optical glass has been conventionally used since it is considered as
the most reliable material, and is used in lenses for which high stability
is required. However, it is not suitable for mass production, due to high
cost and difficult precision manufacturing. Thus, in the last years, op-
tical polymers have become great substitutes for optical glass. These
materials appear as an extremely promising alternative due to the high
impact resistance, low price, lightweight, which may significantly
reduce the weight of the complete system, and due to the optical
properties similar to glass. In the development of optical lenses, the main
requirements are: i) high dimensions stability of the component when is
subjected to temperature, pressure variations, or humidity; ii) high
geometric accuracy; iii) high light transmittance at specific wavelengths;
and iv) low birefringence, which is directly related to optical distortion
and can cause light deviation. In the past years, polymers have been
developed to answer these requirements. Typically, in the production of
optical components, amorphous thermoplastics are used. In the litera-
ture, the most reported polymers are PMMA, PC, COC such as TOPAS®
manufactured by TOPAS Advanced Polymers, and COP such as ZEO-
NEX® and ZEONOR® manufactured by ZEON Chemicals. With less
common use are the Polyetherimide (PEI), commercially named
ULTEMB®), or polyesters, O-OPET, like OKP4 and OKP4HT.

The refractive index is also an important property in optical poly-
mers. Normally, an optical polymer shows a refractive index between
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1.4 and 1.7. The Abbe number is associated with this property and de-
scribes how the wavelength is dependent on the refractive index. Higher
values of refractive index result in smaller Abbe number, and conse-
quently larger wavelength dispersibility [16]. The main physical and
optical properties of these polymers and optical glass are shown in
Table 1.

The behavior of polymers during the IM process, the replication
achieved, and even the amount of residual stress and warpage, are
mainly caused by the rheologic properties and pressure-volume-
Temperature (PVT) behavior of each polymer. To better understand,
Fig. 3 shows the representative plot of (a) viscosity versus shear rate for
the recommended process temperatures and (b) PVT plot for the main
optical polymer previously referenced in Table 1.

Despite all the advantages that optical polymers have and their
enormous potential, some limitations, which may affect the quality re-
quirements for the optical components, should be considered. The
refractive index change with temperature restricts the temperature
operation range and application of the polymer in optical systems sub-
ject to extreme changes in temperature [51]. Compared with glass,
polymers have a lower transition temperature, a higher coefficient of
linear expansion, about an order of magnitude higher, and higher water
absorption [52]. Among optical polymers shown, the COP, COC, and PC
are more suitable in applications exposed to higher temperatures
without the risk of deformation, because they have a higher value T, of
than the remaining. Typically, PMMA absorbs approximately 0.3%
water over a 24-hr period, which affects lenses dimensional stability
over time. However, there is a class of optical polymers, specially
developed for optical applications, COP or COC, with absorption pro-
clivity, lower than <0.01% [53]. These polymers are recommended for
high-precision applications since they provide a stable focal length due
to their low water absorption and their thermal stability [54]. In
contrast, PC is not ideal for high-precision applications due to its rela-
tively high water absorption inducing swelling compromising their tight
tolerances [55]. The stress birefringence is also dependent on the type of
material, which has intrinsic birefringence associated with its structure.
In optical polymers, the stress-optic coefficient is higher than in optical
glasses, for this reason, the stress birefringence is more critical in
polymers. Each material has characteristic constants of intrinsic bire-
fringence and stress-optic coefficient, as presented in Table 1. For
instance, the stress-optic coefficient of COP is lower than the stress-optic
coefficient of PC and similar to the PMMA, which in turn will define the
different birefringence values and distributions [16].

Beyond the optical properties of materials, replication performance
is also crucial. Kalima et al. [56] studied different transparent polymers
in the replication of diffractive optical elements using p IM and, it was
established the type of material as the most significant factor. Four
polymers were studied, PC, COP, and two other less common,
styrene-acrylonitrile copolymer (SAN) and hexafluoropropyle

Precision Engineering 76 (2022) 29-51

ne-tetrafluoroethylene—ethylene terpolymer (HFP-TFE-Et). The results
showed that replication fidelity was highest with PC and lowest with
SAN. Kirchberg et al. [57] studied the replication of microlens arrays
during p IM also with different polymers, PC, PMMA, and PS. The PMMA
showed the best results, with good reproducibility of the diamond milled
mold insert structure, among the low-cost optical polymers studied, with
a surface roughness of 26 nm. The PS showed inferior results, with a
larger difference in the surface roughness, i.e. 19 nm, compared to mold
insert values of 25 nm. Holthusen et al. [58] compared the filling
behavior and replication quality of the most popular optical polymers,
PMMA, COP, and COC. The best results were achieved when PMMA was
used. The microstructures in COC and COP appeared to be blunt and
geometric deviations compared to the mold were higher. Loaldi et al.
[59] also support that PMMA had a higher replication degree than COP.
This behavior can be explained due to the lower viscosity of PMMA in
the range of typical shear rates of IM. This behavior is also depicted in
the viscosity plot of Fig. 3. Lou et al. [60] studied the production of
microlenses with 150 pm of diameter, 200 pm of pitch, and 13.5 pm of
height using PC and PMMA. The moldability of the PMMA was better
than PC. The average surface roughness of the molded microlens arrays
was 4.50 nm for the PMMA material and 4.61 nm for the PC. Moreover,
the residual stress of the PMMA was smaller than PC by birefringence
measurement.

5. Injection molding process

IM is the most used process technique for polymer processing. Allows
high production rates, complex geometries, dimensional precision, high
reproducibility of optics with high accuracy. Typically, the molding
cycle is constituted of five steps. In the first step, the mold closes and the
injection unit moving forward is followed. Then, the melted polymer is
injected, it fills the mold cavity, and after that, in order to compensate
the material shrinkage, packing pressure is applied. After packing
pressure, the injection unit steps drawback and is initiated the plastici-
zation for the next cycle. The part in the mold is cooled, after reaching
sufficient stiffness the mold opens, and the part is ejected [61]. How-
ever, IM is the main source of residual stress and warpage in optical
lenses, therefore, the production of optical parts with a reproducible
quality requires a high degree of process stability and the process pa-
rameters must be highly controlled [62].

The residual stresses induced during IM cause different problems in
the optical component. The most problematic is anisotropy, which af-
fects optical properties, such as birefringence, and causes loss of me-
chanical properties. The residual stresses can cause also warpage, non-
uniform distribution of refractive index, as well as variations of curva-
ture radius and form deviations. This affects the optical performance
since these parameters determine the focal length, location of the main
plane, and wavefront aberration. The residual stresses can be divided

Table 1

General physical and optical properties of common optical polymers and glass [16,31,49,50].
Properties Glass Polymer

PMMA PC CoP CoC O-PET PS

Density (g/ cm®) 2.51 1.19 1.2 1.01 1.02 1.22 1.05
Water absorption (%) - 0.3 0.2 <0.01 <0.01 0.15 0.2
Light Transmittance (%) 91 92 88-89 92 91 90 87-92
Refractive index, 1.52 1.49 1.59 1.51-1.53% 1.53 1.61 1.59
Abbe number - 58 30 56 56 27 31
Tg (CC)° +600 100-113 130-150 123-156 134-158 121 100
Birefringence” 5 4 2 4 4 4 1
C ( x 107 3cm?/ dyn) 2.77 4.5-6" 30-72° 6.5 4 - —-55
Price €€€ € € €€ €€ €€ €

Abbreviation: Tg, glass transition temperature. C, stress-optic coefficient.
- No data is available.

@ The property value varies within the range of values provided depending on the grade.

b Qualitative classification: 1 bad; 5 good.
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Fig. 3. Optical polymer properties (a) PVT plot (P = 0 MPa); (b) PVT plot (P = 100 MPa) and (c) viscosity dependence on shear rate; of COP (Zeonex®E48R from
ZEON©), COC (TOPAS® 5013 from TOPAS Advanced Polymers GmbH), PC (PANLITE®AD5503 from Teijin), PMMA (ACRYPET™ VH from Mitsubishi) and PS
(Styron® 693 from Americas Styrenics). Data collected from the Moldflow® software database, version 2021, by Autodesk®.

into two main causes, the flow-induced stresses and the thermally
induced stresses, which will be discussed in the following section 5.1
[63,64].

5.1. Residual stress in injection molded lenses

The flow-induced residual stress is developed during the filling and
packing stage and it is related to molecular orientation, while the
thermally-induced stress is developed during post-filling, in the cooling
stage [65]. During the filling and packing stage, molecular orientation is
a result of the flow direction due to the high shear rate near the mold
walls. In the core, the shear rate is lower and the molecular orientation is

Frozen layer - Molecular
orientation is locked
~

Core- Relaxation of the
molecular chains

not so significant. Due to the fast cooling of the melted polymer, in
contact with mold walls, the outer surfaces freeze before molecular
relaxation occurs, forming a frozen layer, and the molecular orientation
is locked. On the other hand, the core is still melted, with a temperature
high enough to allow relaxation of the molecular chains. These differ-
ences cause residual stress in part. As flow is the main reason for mo-
lecular orientation, it is denominated flow-induced residual stress [65].
The mechanism of the formation of flow residual stress is shown in
Fig. 4.

The thermally-induced residual stresses occur during the cooling
phase due to several reasons. One of them is due to the differences be-
tween the frozen layer and the core. There is a constraint on the thermal

Flow diretion

Fig. 4. Flow-induced residual stress during filling.
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contraction imposed by the frozen layer. This constraint among layers is
one of the sources of thermally-induced residual stress. In the frozen
layer there is compressive stress, and the core is under tensile stress.
There is an asymmetric tensile and compressive pattern along the
thickness, resulting in a bending moment that causes the warpage of the
component, generally affecting the mechanical behavior. The thermally
induced stress can also be a result of the volumetric shrinkage of the part
during IM, which occurs due to PVT change, as the part is cooled from a
high temperature to room temperature and high-pressure condition
after the packing stage. Different cooling rates across thicknesses in a
part, cause non-uniform volumetric shrinkage, which consequently
causes warpage and distortion of demolding parts [66,67]. Parts with
non-uniform thicknesses, poor cooling systems, or non-uniform cooling
systems are more sensitive to thermally-induced residual stresses.

The main effect of warpage in optical lenses is the deviation of the
wavefront compromising the lens focus. This phenomenon results in a
surface error and, consequently, in wavefront aberration in the lens, as
exposed in Fig. 5. An optical axis declination or aberration is induced
when refractive indices and the curvatures are different on both sides of
the lens. In a lens with undesirable deformation, the rays will converge
to different points instead of a common point on the image plane.
Consequently, it may result in an optical behavior different from that
predicted with optical design [31,68].

The scheme, shown in Fig. 6, summarizes all interactions and effects
of IM on mechanical behavior and optical performance of polymer op-
tical lenses. The defects caused by thermal residual stress and flow re-
sidual stress are divided by the main source, warpage, and birefringence,
respectively. Accordingly, with previous studies, the total birefringence
in molded lenses is contributed mainly by flow-induced effects and the
thermal-induced residual stress has a lower contribution [15,69].

5.2. Injection compression molding process

ICM is a variant of IM, pointed out as the most accurate technique for
high-precision optical components, as it allows enhanced optical per-
formances in terms of birefringence, and replication compared to con-
ventional IM [10]. It combines a uniform pressure distribution and the
automation of IM, which results in precision parts with excellent me-
chanical properties, low residual stress, and tight tolerances. In ICM, the
cavity has a large transversal section, which allows the melted polymer
to proceed immediately to the end of the cavity under low pressure.
During or after injection of the melted polymer into the cavity, the
compression step occurs, while the mold is slightly open. The cavity
thickness or compression gap is reduced during the mold closing
movement, which forces the melt to fill and compact uniformly the
entire cavity [10,38]. Fig. 7 shows the steps in the ICM process.

Although, optical lenses may be produced by IM with good quality
and accuracy [70], the accuracy obtained by ICM is higher, as reported
by Loaldi et al. [59], Wu et al. [11,71], Chen et al. [37], and Michaeli
et al. [72,73]. Michaeli et al. [73], compared the maximum difference
between mold and lens surface, through peak-to-valley-value (PV-geo).
As shown in Fig. 8 (a), ICM, in both surfaces, enables the reduction of

Direction of light
propagation

Optical
Aberration

Injection molded
optical lens

Fig. 5. Schematic illustration of effects of warpage in the induction of unde-
sirable optical aberrations in an injection molded optical lens.
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PV-geo. Sortino et al. [74] compared the replication of prism patterns
typical of Fresnel lenses obtained by IM and ICM techniques. It was
concluded that the ICM technique enables the highest replication de-
grees, reduced results variations, higher structures repeatability, and
reproducibility, as shown in Fig. 8 (b). Roeder et al. [75] also support the
use of ICM and denote that it is mandatory to achieve high quality. In
this study, microlens with microstructures with 4 of height was fully
replicated by ICM. The conventional IM process was also conducted but
complete parts were not able to be achieved. From ICM numerical
simulation, Chen et al. [76] found a decrease in part shrinkage and
better shrinkage uniformity. At the same point, the shrinkage index was
reduced from 5.2% to 3.1% by ICM. In the same study, it was verified
that higher compression speed results in a decrease of shrinkage index
and a higher compression gap in larger shrinkage distribution.

Chen et al. [29] studied the ICM process parameters and concluded
that a larger compression gap increases birefringence. Young et al. [77]
used numerical simulation to study the effects of the ICM process pa-
rameters such as compression force, mold temperature, and compression
time on the residual stress of the PMMA lenses. The study demonstrated
that, due to the small size of the lens, the compression force does not
play an important role. The mold temperature and the compression time
were relevant to the uniformity of the residual stress distribution and
thickness shrinkage. Furthermore, the residual stress and thickness
shrinkage were more uniform by decreasing the compression time, Fig. 8
(c). Chen et al. [78] also reported the effects of the ICM process pa-
rameters on the residual stress of plastic lenses and it was established
that the compression delay time on the residual stress was the most
significant parameter, followed by compression gap and compression
speed.

5.3. Effect of process parameters on optical lenses

As mentioned above, process parameters have a high effect on the
final quality of lenses. Macias et al. [34] found that an incorrect selection
of IM process parameters led to the generation of residual stress in the
plastic lens, which significantly affected the structural size of the lens
and its dimensional accuracy. The effect of melt temperature is an
example, it was shown that it has opposing effects in retardation and
warpage. A higher melt temperature results in lower retardation, but
superior warpage, and an increased aberration or form error [30].
Consequently, for an effective process, the processing conditions should
be controlled. Some studies report the use of the Design-of-Experiments
(DOE) technique or the one-factor-at-the-time approach to study the
effect of a set of process parameters on a response [25,59,79,80]. More
recently, commercial software’s been used to simulate the IM process
and predict the optical properties based on viscoelastic properties and
residual stress. In these works, flow rate, injection speed or filling time,
melt temperature, mold temperature, packing pressure, and packing
time are always the main processing parameters with an impact on re-
sidual stress and geometric distortions.

5.3.1. Geometric accuracy and surface quality

In the field of polymer optical lens processing, the studies reported in
the literature have focused on the enhancement of geometric accuracy,
surface quality, and prediction of defects. In these studies, some authors
focused on optimization and improving the size, shape, and accuracy of
optical lenses. Pazos et al. [13] estimated the final thickness of the PC
biconcave and biconvex lenses using the CAE simulation. Furthermore,
superficial defects of the optical lens were analyzed, to estimate the
critical thickness versus the number of weld lines and air traps. Hu et al.
[81] studied the effect of packing pressure, packing time, and gate size
on shrinkage of aspheric lenses. The research shows that packing pres-
sure not only determines the part shrinkage size but also affects the
uniformity. When packing time is insufficient to reduce shrinkage it is
recommended to increase packing pressure. When the packing pressure
was higher than a critical value, the effect on the shrinkage size becomes
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INJECTION MOLDING PROCESS

Flow and Thermal Induced Residual Stress

Optical Lens After Ejection Step

Stress
Birefringence

Warpage and
Optical Aberrations

Fig. 6. The effects of IM process in the induction of defects in optical lenses: stress birefringence, warpage, and optical aberration.

smaller and the shrinkage uniformity was guaranteed. According to
these authors, the critical value of packing pressure should be found out
during the packing profile setting. In practice, packing pressures should
be higher, about 5 MPa than the pressure which is added to the theoretic
pressure to ensure the packing results.

Lu and Khim [82] through a statistical experimental study investi-
gated the effects of the molding conditions on the surface contours error
of molded lenses. It was verified that mold temperature is the most
significant process parameter. The results show that the contour error
increases 34% with an increasing mold temperature, followed by the
injection speed, with an increase of 11%. The effect of packing pressure
was not significant for the contour errors, however, it was critical for
residual stress with a 50% increase. Furthermore, was proposed the use
of two-stage packing pressure to improve the surface replication for the
lenses, allowed more material to be packed into the cavities, and pro-
vided a better surface replication. Shieh et al. [83], and Bensingh et al.
[27] optimized biaspheric lenses and large-diameter aspheric plastic
lenses, respectively. Both investigations were conducted through nu-
merical simulation to effectively reduce the volumetric shrinkage. In
these studies, the packing stage was identified as the most significant
factor for minimal volumetric shrinkage. Through the correct selection
of the process parameters, Shieh et al. [83] achieved maximum surface
profile errors on the light incident side of 2.12 ym and 2.37 pm, which is
below the commercial manufacturing specification of the lenses under
study (2-5 pm). Bensingh et al. [24] identified the packing time as the
most important parameter. The surface roughness achieved on the lens
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was 53.2 nm compared to the surface roughness of the mold inserts of
51.6 nm. Yin et al. [84] studied thickness distributions under various
process conditions in lenses produced by pIM. The lens overall thickness
decreased gradually in the main flow direction, while almost kept un-
changed in the cross-flow direction. The local thickness of the lens
tended to decrease in the melt filling direction. Moreover, the research
also identified the packing time as the most important parameter to
achieve a uniform thickness. The uniform thickness of the molded lenses
was evidenced by a small thickness standard deviation value of 12.24
pm.

In the convex or concavity of aspheric lenses, the volumetric
shrinkage was found higher in the center of the lenses, which is the most
significant region. The warpage was higher in this area. In the remaining
areas, the volumetric shrinkage decreases gradually and the minimum
volumetric shrinkage appears at the injection location [26,85]. Tsai
et al. [24] studied the influence of the IM process parameters on the
optical quality of small-diameter plastic lenses. In this study, it was
established the process parameters have only a slight effect on surface
roughness. Between all conditions, a small difference of 4-5 nm was
observed. The final surface roughness of the lens is primarily the result
of the mold surface quality. The surface waviness was also investigated
and the melt temperature and packing pressure were the most signifi-
cant parameters. The surface waviness may be improved with higher
melt temperatures, injection pressure, packing pressure, and mold
temperature. Zhang et al. [86] studied the accuracy of thin-walled COC
microlens arrays using pIM. The geometric accuracy (height, sphere
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Fig. 7. ICM process scheme: (a) Closing the mold; (b) Filling step; (c) Compression step (d) Cooling and ejection step.
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Fig. 8. Injection compression molding: (a) geometric accuracy between mold and lens surface of the optical lenses compared to the IM. Reprinted with permission of
[73]; (b) Transcription ratio (TR) of prisms compared to the IM. Reprinted with permission of [74]; (b) (c) uniformity of thickness shrinkage by reduction of
compression time. Reprinted with permission of [77]. Copyright © 2021, Elsevier.
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radius, form error, pitch between adjacent microlenses) and surface
quality (surface roughness, waviness, and PV) were analyzed through a
DOE. For the height and form error, the interaction of packing pressure
and the mold temperature was the more important. Regarding surface
quality, the mold temperature demonstrated a major effect on surface
roughness and PV, while the interaction of injection speed and melt
temperature was more important for waviness. Overall, the surface
quality was mainly influenced by differences in cavity temperature,
which was a combined effect of mold temperature and melt
temperature.

In the field of optimization of the process conditions, a recent
approach has been proposed, emerging as a new trend with the potential
to achieve the optimal quality of optical lenses. Applying artificial
neural networks (ANNs) to predict the optimal process parameters,
combined with other methods, e.g. genetic algorithm or particle swarm
optimization, enables to rapidly obtain the optimal process parameters
according to the required quality of the optical lenses. These recent
methods have been used to minimize the volumetric shrinkage variation
in aspheric lenses [87], optimize the accuracy and geometric deviations
[88].

5.3.2. Refractive index

In optical lenses, another important property is the distribution of
the refractive index across the lens. This property is intrinsic to the
material but also may be affected by molding conditions. It needs to be
uniform over the thickness and on the surface. However, in the IM, the
melted polymer is cooled from the superficial layer, i.e. frozen layer, to
the core, temperature and pressure distributions occur, resulting in
irregular shrinkage, and consequently in density and refractive index
distribution. Yang et al. [89] and Li et al. [90] studied the influence of
packing pressure in the refractive index of injected PMMA lenses. The
process simulation demonstrated that increasing packing pressure re-
duces or eliminates density variations. When a higher packing pressure
was used, a more uniform distribution of the refractive index was ach-
ieved. Low packing pressure caused more density variations on the lens.

5.3.3. Birefringence

Chang et al. [15] studied the prediction of birefringence by numer-
ical simulation of aspheric lenses and concluded that birefringence is
mainly due to flow-induced stress. Flow-induced fringed order and the
thermally-induced fringed order were compared and it is shown that the
flow-induced fringe order is significantly larger than the
thermal-induced fringe order. Furthermore, maximum shear stress at the
end of the filling, obtained by the numerical simulation, was correlated
to flow-induced birefringence pattern and showed that the distribution
is similar. It was verified that the maximum shear stress is largest near
the gate and decreases with distance from the gate. The same was

(a)

(b)

| I Birefringence measurements |
Simulation analysis

Maximum residual stress (MPa)

Set no. of experiments
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verified to the birefringence, measured experimentally with a distribu-
tion similar to predicted by numerical simulations. Further studies are in
agreement that birefringence maximum arising near the gate of part
[91].

Weng et al. [35] studied, experimentally and through simulation, the
influence of the melt temperature, the mold temperature, the flow rate,
and the packing pressure on residual stress and showed the mold tem-
perature is the most significant processing parameter. The maximum
residual stress was lower when the mold temperature was higher. A
higher mold temperature reduces the cooling rate of the frozen layer,
resulting in more uniform cooling throughout the entire thickness. The
effect of mold temperature on residual stress is well supported and has
been reported by other researchers [77,92]. Furthermore, the same
authors establish in this work, and in a previous work [36], that pre-
diction of residual stress numerical simulation by finite element only
works properly from a qualitative point of view, as shown in Fig. 9 (a)
and (b), respectively. The authors explain the differences between
experimental and simulated values may be due to stress relaxation
during the cooling stage, viscoelastic stress relaxation, simplifications of
the numerical simulation models, and the ambient environment during
the measurement. Even so, numerical simulation is still an effective and
low-cost approach to optimize the optical performance of polymer
molded lenses.

Lin and Hsieh [28] optimized the birefringence of PMMA Fresnel
lenses through numerical simulation. It was shown by properly setting
the processing parameters, the average residual stress may be reduced
by 75.1%, which results in a reduction from 6.848 x 107> to 1.731 x
10> in the average birefringence, and represent a reduction of 74.7%.
Employing a Taguchi robust design method, the processing parameters
studied were ranked in order of descending influence: melt temperature,
filling time, packing time, and mold temperature. It was defined that the
melt temperature has a positive effect on birefringence, while packing
time has a negative. Lin and Chen [68] studied the influence of pro-
cessing parameters on residual stress and warpage of PMMA
double-convex Fresnel lenses. The study demonstrated that the pro-
cessing parameters which simultaneously minimize the warpage and the
residual stress, may be ranked as follows: melt temperature, lens
thickness, packing pressure, cooling time, mold temperature, and gate
location. Given the optimal process parameter settings, the warpage and
retardation are reduced by 60.82% and 66.82%, respectively, compared
to the original conditions, as shown in Fig. 10.

On the other hand, the same authors in another study found that the
packing stage has more influence when simultaneously is optimized the
warpage and the retardation of the asymmetric plastic double-convex
Fresnel lenses. The Taguchi experiments were used to determine the
most influential processing parameters, followed by a grey relational
analysis technique, applied to the Taguchi results to establish the pro-

Fig. 9. Comparison between simulated and experimental of (a) maximum residual stress of the PC microlens array. Reprinted with permission from Ref. [32]; (b)
Good agreement, in qualitative point of view, of residual stress distributions by simulation and experiments of the PC microlens array. Reprinted with permission

from Ref. [36]. Copyright © 2021, Elsevier.
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Fig. 10. Optimization achieved by Lin and Chen, through numerical simulation: lens warpage distribution (left) and retardation, or optical path difference (right).

Reprinted with permission from Ref. [68]. Copyright © 2021, Springer Nature.

cessing parameters that achieve the ideal trade-off between the two
performance goals. The results showed that the control factors may be
classified in descending order of influence as follows: packing pressure,
packing time, melt temperature, filling time, cooling time, and mold
temperature. Through this optimization, the warpage was reduced from
54.6 pmto 46.9 pm which represents an improvement of 16.42%, while
the retardation was reduced from —106.1 to —26.8 pm, which represent
an improvement of 74.74% [30]. Lin and Chen [27] explain that the
differences between this study and the previous one may be due to
differences in the symmetry designs of the two lenses.

5.4. Effect of the gate and runner design on optical lenses

As mentioned before, the shear stress at the end of filling has a huge
effect on birefringence, hence, the gate design and gate size must be
considered. In optical applications, it is recommended to use a lateral
gate to avoid marks on the optical surface. Many authors have studied
numerically and experimentally the effect of gate size in shear stress and
birefringence and found that large gates significantly decrease bire-
fringence [4]. To avoid shrink marks and voids, especially during the
production of lenses, the shrinkage of the material needs to be balanced
by the injection of additional material during the cooling period. The
diameter of the runner needs to be a sufficient size to prevent the sprue
from freezing too early. Lin et al. [93] analyzed and optimized the
geometric parameters of the optical lens gate and found that large gate
thickness, length, and inlet width allowed the reduction of the average
residual stress. Furthermore, it was determined the influence of geo-
metric parameters of the gate in order of diminishing influence followed
by gate thickness, gate length, gate inlet width, and gate outlet width.

In general, it is established in the literature that runner design affects
the polymer molecular orientation, the melt front stability, and hence
affects the lenses quality. Thus, to ensure the quality of circular optical
lenses, it was proposed by Bu et al. [94] a runner structure with two
gates. The first gate with a shorter length and lesser sectional area
connects the runner. The second gate had a longer length and lower
height, its sectional area was relatively larger than the first gate, and in
the middle of this gate, there was a narrow bayonet-type. When the melt
passes the first gate due to the sudden decrease of sectional area, the
melt velocity becomes fast, thus causing great shearing stress, increasing
the melt temperature, and further homogenizing. After that, the melt
goes through the second gate, which is larger, slowing down the mate-
rial, becoming a laminar shape, and entering into the cavity. Through
this structure, the molecular orientation of melt in the cavity decrease,
improving the quality of the lens. Tsai [23] studied the runner design to
improve the optical lens quality and concluded that the melt tempera-
ture is evenly distributed when a restrictor is installed on the tertiary

38

runner. The developed method enhanced the contour accuracy from
10.44 to 5.025 pm, which represents an improvement of 51.9%. The
comparison of experimental and simulated results was also conducted
and an error of 49.6 and 66% for runners without and with a restrictor
parallel to the injection direction, respectively, was achieved. According
to the authors, the relatively large errors were derived from the coarse
mesh size of the simulation and the inherent error of the simulator. In
another study, Tsai and Lin [95] also found that warpage is affected by
gate design and runner since it enables melt front stability and hence a
uniformity temperature and pressure distribution. The result obtained
suggests that the optimized runner design is a cylindrical-shaped
restrictor in the secondary and quaternary runners, with the restrictor
end aligned with the tertiary runner edge and fan-converge shape gate.
The surface contour was reduced to 57.91 pm and improved by 28.6%. A
comparison of simulations and experiments was also conducted. The
simulation prediction is consistently higher than the experimental
values, however, with a small error of 10.5%, which reveals a good
simulation prediction when properly prepared.

6. Functional coatings
6.1. AR coatings

Currently, a plethora of optical technologies is strongly based upon
the knowledge of light-matter interactions. By combining materials with
different refractive indices, establishing a suitable geometry, and/or
fabricating nanostructures on the surface of a substrate, it is possible to
control the light pathway in a solid system, to select the wavelengths
able to propagate through a given medium [96] and also, to explore the
interactions between the radiation and light-emitters confined within
resonant solid-state optical cavities [97-99]. With regard to lenses with
optical coatings, great progress has been observed in the last decades,
which can be considered a historical mark in the field of optics. In
particular, AR coatings have had a great impact on technical optics. In
some applications, AR coatings are simply required for the reduction of
surface reflection, whereas in others, they are used to also increase
transmittance. For instance, lenses with AR coatings are employed in
cameras or LiDAR systems. Due to the sensitivity of such systems, they
demand higher levels of light to respond adequately. Hence, AR prop-
erties are required to increase transmitted light to improve the contrast
of displays and avoid the formation of ghost or veiling glare images.

AR coatings in glass substrates have been well established for many
years, while the interest for AR coatings in polymers has grown in the
last decades. However, AR coatings on polymeric substrates still present
some challenges. In contrast to glass, the use of polymeric substrates
limits the temperature of the deposition processes. Mechanical and
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thermal properties of polymer substrates differ from those of inorganic
thin-film materials. In addition, different polymeric substrates present
different chemical and surface compositions, which can lead to various
chemical reactions when in contact with other chemicals or plasma-
assisted deposition processes. As a consequence, AR coatings usually
suffer from poor wear resistance and poor photostability, with the
adhesion of the deposited thin film on the polymer substrates being
affected. To enhance the adhesion, several methods have been explored
to modify the polymer surface, such as plasma treatment using different
gases [100,101], irradiation with an ion beam [102] or excimer laser,
and spin-casting organic solvents. For more details about the properties
and coating adhesion of the most commonly used rigid thermoplastics
for optical components, the reader is referred to the work of Piegari and
Flory [103].

6.1.1. Basic concept for reducing reflection

The reduction of reflection can be achieved by exploring, in a
controlled manner, the interference phenomenon in thin films. The basic
concept lies in the correct choice of the refractive index and thickness of
the films. To clarify, a simple case is considered, as depicted in Fig. 11
(a), formed by air, a thin film, and a substrate, where ng, n;, and ny are
the refractive indices of air, the film, and the substrate, respectively, and
the thickness of the thin film is d. The relation between the refractive
indices is. np < n; < ny.

It can be seen that after reaching the system, the incident light is
divided into two rays: one is reflected in the interface air/thin film and
the second is reflected in the interface of the thin film/substrate. The
difference in the length followed by each of the reflected rays is:

AL=2d cos(6) ®
where 0 is the angle for the incident light. The AL gives rise to a phase
difference between the reflected rays, ¢. It is also important to consider
that AL takes place in a medium with a refractive index n;, where the
light speed is slower than in the medium no. When the two reflected
wave-fronts are completely out of phase, destructive interference takes
place, canceling out both the rays entirely and thus enhancing the
transmittance. To obtain an AR response from the system, the conditions
must be: i) the two reflected waves must be exactly 180° out of phase
and should be of the same intensity after reflecting at two: ii) the film
depth should be an odd number multiple of one-fourth of the incident
beam (4/4). The equation governing the reflection of the system at
normal incidence is:

(a)

Alr(n )

Thin film ()

Substrate (1)

(b)
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Since it is intended that R = 0, Eq. (9) returns in:
ny =+/nony (10)

which establishes the condition to achieve index matching. A more
detailed discussion is done by Raut et al. [104].

In Fig. 8 (b) we have a multi-layered system or AR coating, which is a
more complex system once the incoming light goes through an increased
number of layers with different refractive indices. Higher levels of AR
responses are observed in systems like this. Normally, the multiple
layers are arranged interleaving materials with high (ng) and low (n)
refractive indices and adjusting the thickness of each one, it is possible to
achieve a similar behavior as described by Eq. (12), in which the light is
guided throughout the whole system. The efficiency of such systems will
strongly depend on the number of layers and contrast of the refractive
indices that can either be deposited on one or both surfaces of the
polymers.

6.2. Other functional coatings

Many technologies based on the use of polymers may be improved by
combining these materials with coatings and/or surface modifications.
Nevertheless, the use of polymers still present limitations regarding
adhesion and wettability. These issues are typically originated from
different factors such as, impurities that arise during the polymerization
process, the presence of polymer tails with low molecular weight, the
use of additives (e.g. antioxidants or mold release agents), as well as
post-processing contaminations [105].

Different surface treatments have been used to increase adhesion,
such as plasma (e.g. Oy, Ny and Ar), sputter etching, and UV/Ozone.
Kitanova et al. [106] compared the effects of RF plasma treatments of
Ar, and Ar/CyHsOH to those of O, and gas mixture with different ratios
of Ar/O; on the free surface energy, morphology, and optical properties
of polycarbonates. The adhesion of plasma deposited SiO5 thin films
after the treatments were evaluated through cross-cut and pull-off tests.
The authors observed higher adhesion due to the increase of the
hydrogen bonding in the substrates that were treated with a 3:1 Ar/O
gas mixture for 5 min. Substrates treated with Oz plasma showed higher
roughness and poor adhesion. Fujimani et al. [107] studied the effect of
sputtering cleaning on the chemical bonding in the interface

Aar(n)
¥
d, Thin film (1)

i Thin film (n)

Substrate (1 )

T §
4

Fig. 11. Schematics representing AR coating: (a) based on a single layer and (b) multilayer coating.
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metal/polymer. Thin films of Ti were deposited on polyethylene and
polytetrafluoroethylene substrates either treated or non-treated for
reasons of comparison. The sputtering cleaning treatment was con-
ducted using Ar ion irradiation at 0.3 keV. Regardless of the substrate,
the adhesion was higher in those treated with sputter cleaning as was
revealed in measurements of pull strength as functions of carbon-metal
bonding ratio and fluorine-metal bonding ratio. UV/Ozone is another
extensively used treatment to increase polymer adhesion. This technique
allows the generation of high-energy photons that can be used to break
C-C bonds and cause chain scission and crosslinking mechanisms in the
surface of polymers, as reported by Peeling & Clark, 1983 [108]. Hamdi
et al. [109] reported their results on the adhesion modifications of
commercial polymers, named ethylene propylene diene methylene
(EPDM), polyvinyl, and acrylonitrile butadiene styrene (ABS) chloride
(PVC) after UV/Ozone treatment. All the samples were exposed to UV
light in combination with ozone gas, during different times, at room
temperature, and at a fixed distance of 35 mm from the UV source.
T-peel measurements were performed before and after the treatments.
Before, the adhesive properties of all materials were low, after the 3 and
10 min of treating EPDM showed no alteration, however, PVC and ABS
adhesion significantly increased.

The deposition of coatings and/or surface treatments can be used to
modify the wettability properties of their surfaces [110], thus promoting
the enhancement of adhesion between the polymer and other materials
[111], as well as increasing the resistance to abrasion [112]. One of the
most studied properties of surfaces is wettability; it describes the way
surfaces interact with liquids, most commonly water. It is noteworthy
that wettability plays an important role in polymeric systems, once a
great effort has been done in order to create solutions that confer
self-cleaning properties to the polymer surface. The property of
self-cleaning can be achieved by two different routes, i.e., either making
the surfaces super-hydrophobic or hydrophilic. The cleaning response is
then achieved based on the way that the water droplets interact with the
contaminants (dirt, particles, adsorbed material, etc.) present on the
surface. Mattaparthi et al. [113] observed superhydrophobic behavior
by replicating the patterns of leaves on polymeric samples. They applied
a two-step soft-lithography process to transfer the patterns of leaves to
the surface of a PDMS polymer. By doing that, the authors were able to
mimic the hydrophobic behavior of actual natural leaves. Water contact
angle measurements returned values as higher as 140°. Xu et al. [114]
observed non-wettability response by spin-coating nanoparticles of flu-
orosilane modified silica (F-SiO2) on polymeric substrates. The authors
reported contact angles greater than 150°. Scanning electron micro-
scopy and atomic force microscopy images revealed that the particles
were closed packed thus minimizing the substrate exposed to the envi-
ronment. The optical properties of the samples were not affected by the
nanoparticles film and their transmittance was around 95%. Latthe et al.
[115] have studied the effects of SiO,-TiO; coatings on polymers and
observed the formation of a very thin layer of water on the resulting
hydrophilic surface of polycarbonate samples, which could easily wash
off dirt particles. Different volume rates were tested, whereas 7 vol% of
SiO5 in TiOy showed smooth cracked free surface morphology and,
contact angles less than 10° after 30 min of UV irradiation. Furthermore,
the coating showed good transparency in the visible range of
wavelengths.

Similarly, Fateh et al. [116] also demonstrated that the mixed metal
oxide (TiO2/SiO2) can enhance the photocatalytic performance of sur-
faces by improving adsorption and increasing the amount of hydroxyl
groups formed on the surface. They studied the resulting wettability,
adhesion, and mechanical stability by means of FTIR spectroscopy,
ellipsometry, adsorption (Bruner-Emmett-Teller (BET)), AFM, XRD, and
water contact angle. They concluded that the addition of SiO2 improved
the photocatalytic activity of TiO, films.
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6.3. Deposition techniques

Among the available deposition techniques, physical vapor deposi-
tion, and in particular evaporation and sputtering are the most used
techniques for manufacturing optical coatings. In this review, we briefly
discuss the deposition techniques based on vacuum technologies and
sol-gel coating. For a more complete description, the reader is referred to
the reviews by Mavukkandy et al. [117], Schulz et al. [118], and Raut
et al. [104]. Table 2 summarizes the deposition techniques discussed
here.

Evaporation of oxide materials is considered the most commonly
used method for producing optical coatings [118]. However, the rela-
tively high temperatures needed to vaporize the target material, make
its application to polymeric substrates limited. On the other hand,
sputtering deposition is a non-thermal physical vapor deposition method
widely used to deposit thin films on substrates. It is based upon ion
bombardment of source material, the target. The most common
approach for growing thin films using this technique is the use of a
magnetron source, in which positive ions present in the plasma of a
magnetically enhanced glow discharge, bombard the target. This pro-
cess has been used for optical coating deposition because it benefits from
their intrinsic high stability and homogeneity of the refractive index in
the depth of the layers [103]. Due to the high stability of sputtering
technology, deposition of a few nanometers is possible with good ac-
curacy for metal-dielectric absorbers.

Chemical Vapor Deposition (CVD) involves the reaction and depo-
sition of volatile precursor(s) on a heated substrate in vacuum. The re-
action product, which is a solid, deposits on the surface forming the film.
Plasma-Enhanced Chemical vapor deposition (PECVD) used microwaves
(MW) or radiofrequency (RF) plasma for activating the reacting gases
[118]. The use of organic materials for deposition leads to some factors
to be considered. First, organic materials often have lower evaporation
temperatures than many inorganics, and consequently, the process re-
quires less effort than required for metals or oxides. On the other hand,
the organic molecules in the gas phase are also often more complex and
can act as a precursor in the CVD process [103]. Plasma impulse
chemical vapor deposition (PICVD), in which plasma excitation is
gained by coupling microwave power in a pulsed process, is being used
for producing coating light reflectors and eyeglasses [119]. For optical
multilayers, PECVD is reported as a process that does not deliver
thickness accuracy and homogeneity as good as PVD processes [118].
However, multifunctional coatings, combining AR, anti-scratch, and
easy-to-clean coatings were developed on PMMA and PC substrates
using PICVD [119].

The deposition of AR coatings using wet-chemical processes typically
comprises single-layer or two-layer systems and the preparation of

Table 2
Summary of different deposition techniques used to create AR coatings.

Deposition Technology Observations

Physical Vapor
Deposition (PVD)

Evaporation -
Sputtering -

Uses relatively high temperatures;

Non-thermal method;

Suitable to polymeric substrates;

Almost unlimited materials selection for

the substrate and coating;

Materials used as precursors are limited

and need careful handling;

- Suitable for multi-layer coatings;

Suitable for polymeric substrates at

controlled temperatures;

Challenging to produce multi-component

materials;

Multilayer preparation is complex and

time-consuming;

Complex geometries are not suitable.

- Processes can be performed at low
temperatures (e.g. room temperature);

- Appropriate for large areas formation;

Chemical Vapor -
Deposition (CVD)

Sol-gel coating
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multi-layers is complex because the deposition and hardening steps need
to be repeated many times. Nevertheless, sol-gel coating process has
been industrially used to produce AR porous coatings [104]. For
instance, porous PMMA film [120], two-layer AR coating containing
polymerizable nanoparticles modified with alkoxy-silanes and a photo-
initiator [121], or a multilayer composed of TiOy and SiO, for photo-
voltaic applications are a few examples that use sol-gel technique [122,
123].

To coat a sol-gel, dip-coating and spin-coating are frequently used. In
dip-coating, the substrate is dipped and withdrawn from the desired
solution at a controlled rate. The spin coating is a simple process for
rapidly depositing thin coatings onto relatively flat substrates. A typical
process involves depositing a small puddle of the film material onto the
center of a substrate and then spinning the substrate. Centrifugal force
causes the film material to spread, and eventually reach the edge of the
substrate leaving a thin film on the surface.

6.4. Characterization of the coatings

Characterization methods are of great importance, not only to con-
trol optical and mechanical properties and tribological performances but
also to test the environmental resistance of coatings to assess their
durability. In the last decade, enormous progress in advanced charac-
terization techniques and methods available for coating characterization
and testing has been achieved. Various reviews reported in the literature
focus on the different techniques used to characterize coatings, such as
polymer coatings [124,125] and wear-resistant hard coatings [126].
Here, is given a brief overview of the techniques mostly employed for
characterizing AR coatings.

For the characterization of AR coatings, it is of utmost importance to
access information about optical and morphological features. Refractive
index, reflectance, transmittance, absorption, and surface roughness are
the essential parameters normally investigated. For that purpose, spec-
trophotometry is generally applied for characterizing reflectance,
transmittance, and absorption behavior within a specific range of
wavelength, depending on the field of application, as can be seen in Refs.
[127-129]. Optical or contact profilometry and interferometry are
techniques used to study the roughness and thickness of thin films [130].
In addition, ellipsometry is also applied to obtain the refractive index,
coefficient of extinction (k), and film thickness using widely known
optical models, such as Cauchy, B-spline, or Sellmeier. More information
concerning the process of modeling ellipsometric variables can be found
in Refs. [131,132] their variables can also influence the optical response
such as the adhesion between the AR coating and the polymeric sub-
strate, as it is related to both film-substrate interfacial interactions and
internal stresses within the film [124]. The knowledge of the afore-
mentioned variables allows to control the optical quality of each layer
present in the coating structure and their interactions with the substrate.

Besides the mentioned methods for characterizing optical properties,
other methods can be employed to characterize the chemical composi-
tion and microstructure, mechanical and tribological properties, as well
as thermophysical properties. For instance, nanoindentation has become
a standard technique for the determination of the hardness and elastic
properties of hard coatings [126]. For geometrical characterization, the
prevailing approaches are typically based on microscopy, namely
scanning probe microscopy (SPM) with its variants of atomic force mi-
croscopy (AFM) and scanning tunneling microscopy (STM).
Cross-sectional geometrical analysis of multilayer stacks is also conve-
nient for different purposes. A focused ion beam (FIB) cross-section was
employed to investigate thermal cracks existing due to significant dif-
ferences between the coefficient of thermal expansion (CTE) of the
coating and substrate material.

Chemical composition and structures are typically measured using X-
ray photoelectron spectroscopy (XPS), Raman spectrometry and Fourier
transform infrared spectroscopy (FTIR), whereas crystallinity and
orientation of the films are measured by high-resolution X-ray
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diffractometer (XRD).
7. Replication of microstructures in optical lenses

Optical components, such as microlens arrays, structured lenses, e.g.
Fresnel lenses, or lenses with AR structures, require a successful and
accurate replication of features during the manufacturing process and
acceptable peak-to-valley. Optical components containing features with
several dimensional scales, from p m to 500 p m [133-136]. In the last
years, this has been a great challenge and has received much attention.
The literature on this topic reflects the many attempts seeking to over-
come the process limitation [137]. The most studied replication tech-
niques are hot embossing [138-142] and IM, and variants. IM is the
most promising technique, in terms of cost-benefits in the production of
high-precision lenses, when compared to hot embossing. Usually, it is
used p IM [143], which is a variant of IM. The process steps of IM are
shown in Fig. 12. This variant is indicated for the production of
low-weight parts (of the order of a few milligrams), which is the case of
the most optical lens, and parts that require microscale precision, as
micro thin-wall parts [144,145].

The process is similar to conventional IM, however, with some
modifications. Often, mold inserts or stamps are required to produce
microstructured features, and the injection machine has a few differ-
ences. Normally, are used electrical or electro-pneumatic machines with
clamping force lower than 15 tons [146]. Either the process starts in the
same way, firstly, the melt polymer is injected inside the mold cavity by
high injection speed and pressure and acquires the contour of the mi-
crostructures of the mold insert. After that, the part is cooled, although
the cooling rate is extremely high because of the thin features employed.
Finally, the cooled part is ejected [147].

Another, and widely used process to improve replication that deri-
vates from IM, is ICM as explained in Fig. 6. It combines two concepts
and their advantages: IM and compression molding; the same principle
of hot embossing, and providing automated production of high accuracy
parts with low residual stress. The best technique to produce high ac-
curacy microlenses with microstructures combines p IM and ICM and it
is known as microinjection compression molding (p ICM) [148,149]. In
this technique, the process starts with the injection of the polymer into
the cavity, about 80-95% of the total cavity volume, while the mold is
not completely closed, with a compression gap. After the injection
phase, the compression stage occurs. The addition of the compression
stage allows overcoming the hesitation effect of the material at the
entrance of the micro features. In terms of cost, ICM or p ICM process
requires a more complex mold design, peripheral equipment, and pro-
cess control, when compared to IM or p IM [148].

7.1. Effect of process parameters in replication

The most influential stage during on replication of microstructures is
the filling since the replication is strongly related to the polymer vis-
cosity. Consequently influenced by temperature and shear rate
[150-155]. The melt temperature significantly influences the viscosity
and subsequent flow and filling behavior of the polymer melts. Higher
melt temperature lowers down the viscosity in filling and significantly
improves the replication. However, it is important not raising the tem-
perature too much, since high temperatures thermally degrade the
polymer structure, whereby their mechanical and optical properties are
dramatically reduced. Similarly, high injection speeds lead to high shear
rates, and hence viscous heating, and a higher heat transfer convection,
as result, the melt temperature increases and the viscosity decreases.
Besides, high injection speeds increase the cavity pressure, which drives
the flow into the microstructures. Nevertheless, mold temperature is still
the most important parameter in controlling the replication of micro-
structures as it can reduce the frozen layer and improve the filling
[156-158]. It is reported in the literature that a 50% increase in mold
temperature may lead to an increase of about 300% in the average
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(a) (b)

Mold insert
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(c)
Molded part with
microstructures

Fig. 12. Schematic illustration of  IM (a) microstructured mold insert inside the mold cavity (b) injection and packing step and (c) cooling step followed by ejection

of molded part with microstructures.

height of microstructures [159]. The packing pressure and packing time
also have been studied as well and have also been shown to have a
positive effect, however, these parameters are dependent on tempera-
ture and the formation of the frozen layer during the filling stage. If the
mold temperature is below the Tg, increasing the packing pressure has
nearly no effect on the replication degree [154]. In a study by Luchetta
et al. [160], varying mold temperature from 60 to 100 °C resulted in the
average height increased from 0.37 to 1.14 pm, which represents an
improvement of approximately 62%. The effect injection speed and
packing pressure is far less important. An increase in packing pressure
increase by 50% the average height. The variation of injection speed was
the less significant, a rise in injection speed only improved the height of
the structures by 16%.

Chen et al. [161] investigated process parameters on the uniformity
of the height of the microlenses in a microlens array. The melt tem-
perature, mold temperature, injection speed, and packing pressure, were
found to have a significant effect. The melt temperature had the most
significant effect, while the cooling time had the smallest. Furthermore,
in this study, the influence of packing pressure, and injection speed were
investigated over a larger range, as represented in Fig. 13. It was shown
that the increase of packing pressure enables the enhancement of the
uniformity of the height, once it prevents the melt from flowing back and
compensates for the reduction of volume due to the shrinkage. However,
excessive packing pressure may cause an uneven distribution of density,
resulting in low uniformity and poor optical quality. The effect of in-
jection speed was related to the switch-over point, which was found
critical to the uniformity of the height. The optimal results were ach-
ieved when the polymer melts filled the mold cavity, or even a small
excess when filling the cavity.

The ICM process parameters may also influence the replication as
demonstrated in section 4.2. Hsien et al. [11] studied the effects of the
process parameters on diffraction angle accuracy produced by IM and

ICM and found that the most influential factors were different for each
technology. For the IM, the mold temperature was the most influential
factor with a contribution of 57.41%, followed by the melt temperature
(19.23%) and the packing pressure (19.1%). For ICM, the compression
speed was the most influential factor with a contribution of 55.7%, and
the mold temperature was less important with a contribution of 4.02%.

To summarize, the most influential processing parameters referenced
in the literature and their effect on replication degree are shown in
Table 3.

7.2. Nanostructured functional coatings

As discussed in Section 5, the existence of AR coatings to reduce the
reflection of the polymer surface plays an important role in the perfor-
mance of lenses. Nevertheless, these AR coatings on top of polymeric
substrates, typically formed using deposition methods, may lead to some
issues as reported in previous sections, with a consequent decrease in the
damage threshold limit of the lenses. Layered AR coatings are based on
destructive interference at the layer interfaces (c.f. Section 5.1) and can
reduce reflection up to several wavelengths at specific incident angles,
which is characteristic of the intrinsic destructive interference
mechanism.

Nature offers a possibility to circumvent this limitation. Moth-eye
biomimetic nanostructures, as shown in Fig. 14 (a), first reported in
the seminal work of Bernhard and Miller [168], show great promise in
reducing surface Fresnel reflections and enhancing transmission over
broad wavelength bands. Since then, a large number of nanostructured
arrays have been developed as AR coatings or surfaces [169-171],
which exhibit promising broadband and quasi-omnidirectional AR
properties [172]. In practical applications, reducing the reflection and
improving the transmission or absorption of light from wide angles of
incidence in a broad wavelength range are crucial for improving the
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Table 3
Influence of processing parameters in the replication of microstructures.
Parameter Technique Effect in Replication of microstructures Ref.
Mold IM, pIM, p The frozen layer is drastically reduced when the mold temperature is kept high during the filling [156-160]
temperature ICM
Melt M The highest melt temperatures decrease viscosity in filling and significantly improve the replication [162]
Temperature
Injection speed p IM, IM High injection speeds lead to high shear rates and heat convention, consequently, to a decrease in viscosity and preventing  [136,163]
premature solidification.
A high injection speed increases the cavity pressure, which drives the flow into the microstructures
Packing pressure ICM, IM Higher packing pressure allows higher replication degree [156,160,
164]
Packing time M The replication degree is directly proportional to the increase of packing time, achieving better results when the feature hasa  [164]
higher thickness
Compression gap  p ICM An increase in the compression gap reduces the transcription ratio of the microstructure. Should be kept as small as possible ~ [165]
Compression ICM High compression speed and high injection speed improved the replication by increasing the compression of the polymer melt ~ [166]
speed and by homogenizing the cavity pressure distribution
Compression ICM Compression force has a positive effect on replication degree, particularly in combination with high mold temperature [165,167]
force
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Fig. 14. Nanostructured AR coatings. (a) Moth eye (left) and the SEM image (right) showing the nanostructures on the outer surface of the corneal lens [179]; (b)
Schematics of a bi-convex lens (left) with nanostructure AR coating on both sides. The SEM image shows the fabricated SiO2. Measured transmittance spectra (right)
of optical lenses show that AR coatings improve the optical performance of the two lenses under study [169]; (c) Hybrid structure combining a multilayer optical
coating with a SiO2 nanocone array on top to achieve the AR property (left). The measured reflectance of the hybrid coating is much lower than that measured for the
bare sapphire substrate and close to zero (right) [171]; (d) Macroscopic view of the flexible PMMA film with nanocones mimicking Cicada wing (left image). SEM
image of the side view of PMMA nanostructures 280 nm in height, 200 nm of pitch, and a gap of 180 nm between two structures (middle image). Comparison of the
reflectivity measured for Cicada wing, nanostructured PMMA film, and the bare PMMA (Graph at the right-hand side) [170].

performance of optical devices. Nanostructured materials lead to
tunable physicochemical properties, such as light absorption or color
change, whereas a bulk material is limited to its inherent characteristics.
Surfaces with micro and nanostructures are used in a broad range of
optical applications, including microlenses, mirrors, photovoltaics,
LEDs, photodetectors, and flat panel display applications [173-176].
In these applications, AR coatings are employed to minimize the
reflection and enhance the absorption of light within the absorption
wavelength band for nearly all incident directions, while improving the
sensitivity and accuracy of the devices. For instance, Jang et al. [169]
demonstrated that double-side AR coatings on bi-convex lenses increase
the transmittance at a broadband wavelength from 300 to 1600, with
better improvements for wavelengths ranging from 425 nm to 540 nm.
The truncated cone-shaped SiO, nanostructures, applied to both sides of
the optical lenses, were fabricated by first depositing a stack of SiO, and
Ag on top of the lens. Then, a dewetting step followed by dry etching
leads to the formation of the nanostructures. Two different types of
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lenses, namely BK7 and SF11 lenses, were employed with nano-
structures having filling fractions between 60% and 80%, Fig. 14 (b). In
addition, hybrid coatings combining nanostructures and multilayer op-
tical coatings also demonstrated to significantly suppressed surface
reflectance for a broad spectrum [171].

It is worth mentioning that nanostructured AR coatings have been
implemented in different materials (c.f. Fig. 14). In particular, polymeric
materials demonstrated great potential for creating broadband AR film.
For instance, a flexible self-cleaning and broadband AR film, inspired by
the cicada wing, has been successfully fabricated in PMMA [170], as
presented in Fig. 14 (c). Experimental measurements show that the
nanostructured PMMA film presents a similar reflectivity as the Cicada
wing. Moreover, the average reflectivity of the structured PMMA film
over the visible region was reduced from 10% to 2% when compared to a
flat PMMA. Using a modified sol-gel process, it was possible to develop
ordered nanocones arrays conferring a superhydrophobic surface on a
flexible film. Many comprehensive reviews on nanostructured surfaces
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with AR properties have been published in the literature [104,172]. In
addition to optical applications, nanostructured surfaces are being used
for example to create self-cleaning properties [177] and dry adhesion
surfaces [178].

7.3. Fabrication of micro and nanostructures

As mentioned, the fabrication of micro and nanostructures by IM and
its variants is achieved by considering the existence of these features
machined on the surface of the mold or mold insert. Beyond the chal-
lenges in the process, the fabrication of optical mold insert is a crucial
aspect to achieve high quality and replication, which is highly related to
the final quality of the lens. The higher the quality of the mold insert, the
better the quality of the replication [180]. Depending on dimension and
surface requirements, fabrication technology and the material of the
mold insert should be carefully selected.

The fabrication of optical mold inserts has been carried out using
different technologies. Currently, the major challenge for most of the
fabrication methods is to achieve optical surface quality with surface
roughness <10 nm [75]. Table 4 shows the main techniques used to
fabricate optical mold inserts over the past years in the production of
molded lenses as well as a description of surface quality and form error.
For a more complete description of fabrication technologies for optical
mold inserts, the reader is referred to the work Roeder et al. [180].

Roeder et al. [192] reported that the remaining challenges in the
fabrication of microstructured optics beyond the IM process, are i)
structuring large areas, the current technologies tend to struggle when
large areas are desired and long fabrication times are required, which
becomes an economic disadvantage; ii) the metrology systems to eval-
uate the quality of the mold inserts as well as the replicated components
are complex and requires a combination of different systems to the full
evaluation and characterization of the components. Concerning mate-
rial, inserts made of silicon are considered a good option due to the
high-precision techniques that can be employed, namely conventional
cleanroom technologies, typically used in the semiconductor and
microfabrication industry [154]. However, the convenience of using
silicon is limited by its delicate behavior when subjected to the high
pressure encountered during IM processes. Other materials, such as
metals, e.g. nickel [193], steel [194], and aluminum [195] are good
candidates and they have also been studied.

8. Technologies to improve the injection molding

To improve the quality of high-precision optical lenses produced by
IM, some technologies are elected due to their ability to increase repli-
cation and reduction of residual stress. According to the literature, the
most referenced is the variotherm system, which allows rapid mold
heating and cooling, then vacuum-assisted microinjection molding used
to increase the replication, and more recently, the conformal cooling
channel to reduce thermally-induced residual stress.
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8.1. Vacuum-assisted micro injection molding

The vacuum venting has been implemented as an auxiliary molding
technology in the p IM process to improve the filling due to high values
of injection speed and the fact of surface roughness is more critical at the
microscale and air traps are more susceptible. With the increase in
roughness, the advance of melt flow is not homogenous due to diffi-
culties to filling the irregular surface and therefore originating the air
trap. The heat transfer from melt to the mold is also slowed down due to
the contact surface reduction and consequently the viscosity increases
[196]. A vacuum venting may reduce this effect and allow the removal
of trapped air within the microstructures of the insert, responsible for
the incomplete filling. Therefore, it is possible to enhance the replication
and accuracy [162].

Sorgato and Lucchetta [162] observed that a combination of high
mold temperature and air evacuation could be successfully applied to
increase the average height of the microstructures, especially for low
viscosity material. The interactions between air evacuation and other
factors suggested that a combination of low-viscosity and low-wetting
properties could be the ideal conditions. Additionally, the study
showed that the venting conditions are not as important as the mold
temperature, stating that the vacuum conditions only could increase the
height of the microstructures by 17%, while an increase in mold tem-
perature represented a gain of approximately 107%. In literature, it was
reported that air evacuation has a different effect on polymers. Sorgato
et al. [197] studied the effect of air evacuation on COC and PS and re-
ported that air evacuation was more influential in COC, with an incre-
ment of replication by 13.6%, while for PS the variation was not
significant. This behavior is explained due to a higher wettability of COC
who led to higher interfacial interactions that resulted in a better
replication when molding this polymer after air evacuation. Without
vacuum venting the COC replication decreased due to the presence of air
counteracts the beneficial effect of COC wettability. Recently, Sorgato
et al. [163], concluded that applying vacuum venting could reduce
pressure and melt temperature and may, in turn, counteract the benefits
of air evacuation to filling the microstructures. In fact, in the study, the
melt temperature was reported to be reduced by 7% when the vacuum is
employed. It was also concluded that vacuum venting could improve
replication but needs careful process optimization.

On other hand, some studies do not agree with the application of
vacuum venting to enhance replication and affirm that their effect on
replication is not significant. For instance, Sortino et al. [74] showed
that vacuum IM implies an increase in cycle time due to the time needed
to reach the vacuum condition inside the cavity, in comparison with IM
and ICM, which makes it a disadvantage in industrial application. In
addition. Chen et al. [198] evaluated the accuracy of features with
30-50 pm width and with 120 and 600 pm depth, in molded PMMA
parts. In this study, was proven application of vacuum may improve the
replication degree, however, the effect is negligible at high mold tem-
peratures, i.e. above 120 °C. When a mold temperature of 140 °C was

Table 4
Overview of the manufacturing technologies for optical mold inserts, typical achieved dimensions, and surface quality reported in the literature.
Fabrication Technologies Surface roughness Form error Structure dimensions Application Ref.
Photolithography <5nm - <100 nm DVD pickup lens [11,60,181];
Ultraprecision milling <10 nm <40 nm 4 pm Microlenses array [751;
LIGA® <10 nm - <1 pm Microlenses array [182-184]
Ultraprecision diamond machine <40 nm 0.2 pm 10 pm Micro Alvarez lenses array [185];
Slow Slide Servo <10 nm 50 pm 5 pm Microlenses array [186,1871;
Eye lenses
Ultra-precision diamond ball-end milling <30 nm 0.5 pm 45 pm Microlenses array [57]
Diamond turning <8 nm <300 nm 5 pm Aspheric lenses [188];
Fresnel lenses
Diamond Milling <10 nm 25 nm 50 pm Aspheric surfaces on lenses [189]
Electrical discharge machining (EDM) <0.1 pm 2 pm <10 pm Lenses array [190]
Nanoimprinting using anodic porous alumina molds - - <300 nm Lenses with an AR structure [191]

# LIGA: German acronym for Lithographie, Galvanoformung, Abformung (Lithography, Electroplating, and Molding).
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used, a slight improvement of approximately 1% was verified. Sha et al.
[152] observed a negative effect of vacuum venting on the replication. It
was explained that the air evacuation could lead to a decrease in the
mold temperature, as a result of removing warm air from the cavity,
mainly for polymers that are sensitive to changes of temperature, such as
polystyrene. The effect of the air evacuation, in a study carried out by
Luchetta et al. [160], also resulted in a reduction in the average height of
the microfeatures by 16%. The same explanation was given, a decrease
of the surface temperature as a result of the warm air removal caused a
reduction of replication.

8.2. Variotherm system

The mold temperature is an important parameter in the source of
residual stress and the replication degree. Many authors have been
studying the influence of these parameters over the years. A consensus
has been reached in the research community: an elevated mold tem-
perature is a necessity to successfully replicate the micro and nano-
structures, particularly with high aspect ratios [57,199]. A solution to
control the mold temperature is to use a dynamic temperature control
system, known as the variotherm system. The process is illustrated in
Fig. 15 (b) and is compared with conventional IM, e.g. without dynamic
temperature control system, Fig. 15 (a).

This system has been used mostly to reduce or eliminate weld lines
and to enhance the superficial gloss [200,201]. More recently, it was
proved to be indispensable in the field of precision optical lenses
manufacturing, being reported a reduction of residual stress and in-
crease in uniformity by 88% when the warm circuit is increased by 84%
[135,202]. The process allows the heating of the mold cavity, at a
temperature higher than the T, of the polymer. Thus, it is possible to
avoid premature freezing of melt when it comes in contact with the mold
wall. Through this process, the frozen layer formed during filling, which
is the main cause of residual stress [38], is reduced or eliminated. The
mold temperature increases, typically about 20 °C or 30 °C degrees
higher than the T, during filling and packing. The viscosity of the ma-
terial and the flow resistance are reduced, and the melt polymer fills the
cavity more easily and rapidly. This phenomenon avoids the hesitation
effect of the melt flow in the entrance of microstructures, as explained in
Fig. 16. This is considered the major benefit of using the variotherm
system in the replication process. The variotherm system also allows a
stress birefringence reduction since the frozen layer is eliminated [203,
204].

After the filling and packing stage, the part is cooled and the tem-
perature is reduced below the heat deflection temperature of the poly-
mer and finally, the part is ejected. According to Zhang et al. [205], the
temperature must not be excessively higher during filling, since it may
cause adhesion between the melt polymer and the metal walls of the
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mold. In the presence of microstructures, they may be damaged. The
heating stage may be accomplished with different methods. These
methods are differentiated by their effectiveness and heat transfer that
allows rapid heating and cooling. There are methods of heating through
electric energy, consisting of transforming electric energy into thermal
energy, radiation [203], induction [206,207], and heating rods [208].
There are other methods, which use heat transfer by convection water
[209], steam [210], oil [211], or hot gas [212].

In literature, several authors have been studying the improvement of
birefringence using a dynamic mold temperature control. Chen et al.
[213] studied the use of rapid heating and cooling in p IM of PC and
reported that when mold temperature achieves 265°C , which is the
material melt temperature, the birefringence pattern was almost elimi-
nated. Park et al. [214] studied the effect of rapid mold heating in the
birefringence distribution. The authors found that the increase in the
mold temperature reduces the maximum and average birefringence, up
to 50%. This decrease is most significant when the mold temperature is
above Tg, thus reducing the molecular orientation induced by flow and
consequently anisotropy. More recently, Hong et al. [215] studied the
effect of a dynamic temperature control system combined with ICM in
replication degree and birefringence. In this research, the system was
implemented with steam. It was shown a high replication degree when
the dynamic temperature control system was used. Furthermore,
combining the two mentioned techniques enabled the replication degree
to be increased to 20% with a mold temperature below the Tj. In other
words, it was shown that with the combination of these two techniques
is possible to have a successful filling of the microstructures with a lower
temperature than when it only uses dynamic temperature control
system.

Zhang et al. [135] studied the precision replication of the micro-
lenses arrays, with a height smaller than 200 pm, and the optical
retardation. It was analyzed the use of variotherm, for that it was
adopted a system with a valve switch between warm and cool circuits.
The best results of surface quality and geometric accuracy, i.e. PV of
form error, are obtained when switching from warm to cold immediately
after the end of the packing, Fig. 17 (a), and the residual stress was
reduced with the delay of the warm-cold switch conditions, Fig. 17 (b).
When the warm circuit was higher than the T, of the polymer, a com-
bination of uniformly low residual stress with satisfying surface quality
and geometric accuracy was achieved, Fig. 17 (c) and (d). Furthermore,
it was observed that the quality of stress birefringence was influenced
also by the screw movements, the cavity pressure, the temperature, and
the relaxation of the molecular orientations. In conclusion, variotherm
control of the mold temperature ensures the reduction of the residual
stresses, while achieving excellent surface quality and geometric
accuracy.

In addition to the traditional methods mentioned above, some re-

(b)  IM with Variotherm
To Y - - - -1
HDT
Time
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Fig. 15. Cycle comparison of (a) conventional IM and (b) IM with variotherm.
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Fig. 16. Comparison of the flow hesitation effect at the entrance of the microstructures in filling step in (a) conventional IM and (b) IM with variotherm.

(a)
1.8 -
(0,92 pm)
- 15
=
=
=
= 144 .
=
L7
g 12
-
=)
e
2 10 o
I
-9
.
08
0.6 T r : - -
-8 -5 0 10 20
Warm-Cold switch (s)
(c)
1199 (0.92 pm)
1.05 4
3 1.00
=
g 095
o
E 0.90 4
e -
“ 0.85 3
2. 080
0.75 4
0.70
T T T T T
115 120 125 130 135

Warm circuit temperature (°C)

-
2

+— MLA area
—=— Substrate

150

1254

Average of optical retardation (nm)

100 T T T T
-8 -5 0

Warm-Cold switch (s)

-
&

300

—a— MLA area

275 4 —=— Substrate

2504

Average of optical retardation (nm)

120 125 130 135

Warm circuit temperature (°C)

Fig. 17. Effect of warm-cold switch and effect of the warm circuit on (a), (c) geometric accuracy, peak-to-valley (PV) of form error (corresponding values of the mold
insert of 0.92 um) respectively; Effect of warm-cold switch and effect of the warm circuit on (b), (d) optical retardation, respectively [135].

searchers developed new methods. To increase the replication and the
appearance of molding parts, Luchetta et al. [216] developed an inno-
vative technology for rapid heating and cooling based on mold inserts
made of open-cell aluminum foam. The thermal behavior of the system
was modeled to verify if the metallic foam inserts largely increased the
heat exchange rate and compared to conventional cooling channels. The
experimental results showed a significant improvement in the replica-
tion degree, increasing the replication from 45 to 120 pm, especially for
those features characterized by the smallest values of thickness and
aspect ratio. Chen et al. [217] investigated the use of gas-assisted
heating for mold surfaces and it was shown that the efficiency
compared with other temperature control methods was improved. The
result indicates the great potential of gas-assisted heating in p IM to
achieve high replication accuracy with a minimum cycle time increase.
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The average replication accuracy in the PC part was improved 89% and
95%, at mold temperatures of 130 °C and 150 °C, respectively. The re-
sults show high accuracy, of 99.8% for a mold temperature of 150 °C,
and an improvement of 21.4% over conventional IM was achieved.

8.3. Conformal cooling channels

More recently, with the development of additive manufacturing
technology, the integration of conformal cooling channels has been
pointed out as the most promising solution to reduce thermal-induced
residual stress caused by unbalanced cooling. This new trend in the
production of optical lenses allows to improve the geometric accuracy,
reduce warpage and deformations in optical lenses. Large-diameter
[218] and high thickness polymer lenses [219] play a substantial role
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in the optical industry and are more susceptible to slower and unbal-
anced cooling.

Conformal cooling, when compared to conventional cooling chan-
nels, has more benefits, such as, the reduction of cycle time, which may
be an economic advantage in high-production rates [220,221], higher
cooling efficiency, and superior temperature distribution in the mold
cavity, consequently reducing thermally-induced warpage [222]. The
use of additive manufacturing techniques enables the production of
complex geometries through hybrid manufacturing processes, which
combine metallic powder-based laser additive processes and subtractive
machining processes [223]. The possibility of manufacturing complexity
3D features enables the production of complex cooling channels, capable
of following the cavity of the geometry, improving the uniformity of
cooling, and providing a higher heat transfer over conventional cooling.

The system and method for conformal cooling during a lens
manufacturing process [224] have been patented. Through finite
element simulation of the production of contact lenses, Lin et al. [8]
demonstrated a cycle reduction of about 20% with the addition of the
conformal cooling channel. In addition, Chung [225] combined finite
element analysis with a gradient-based algorithm and a robust genetic
algorithm to determine the optimum layout of cooling channels. It was
shown that a robust genetic algorithm optimized conformal cooling
channel had the highest cooling efficiency and superior melt front
temperature distribution in the mold cavity, thus reducing
thermally-induced warpage. In general, according to the simulation
results, the use of conformal cooling channels reduced, in both algo-
rithms studied, the surface temperature difference of the melt, the cycle
time, and warpage compared to the conventional cooling channel.

9. Conclusions remarks

High mass production of high-precision optical lenses is a challenge
for the industry. With the sudden development of the self-driving,
electronic, photovoltaic, and medical industries, the demand for high-
quality optical components has shown a growing trend. Polymers
demonstrate numerous benefits in optics. They enable mass production
with relatively low cost, high automation, short cycle time compared to
glass, and satisfactory replication accuracy. A comprehensive review of
prior works provides an opportunity to describe the main materials and
technologies used to produce high-precision polymer optical lenses. The
main features of the different materials and technologies, the advan-
tages, and their main challenges were presented in this review.

The ICM has been elected as the best technology to produce high-
precision optical lenses. Moreover, the final quality of the optical lens
was proven that be strongly dependent on process parameters and re-
quires high control over them. The majority of the studies were focused
on the optimization of the process conditions, experimentally and
through numerical simulation. It was concluded that numerical simu-
lations are a cost-effective way to optimize the process and final optical
properties. Furthermore, the influence of the gate and the runner was
also addressed, as well as the review of additional systems which may be
incorporated in the mold and demonstrated a beneficial increment in the
replication and reduction of residual stress. The recent advances in this
area, the benefits in optical performance, and the replication of the
microstructures were overviewed and discussed. Additionally, in the
field of optimization of the process parameters, a recent approach has
emerged as a new trend with the potential to achieve optimal quality.
Applying ANNs to predict the optimal process parameters of the IM
process enables you to quickly obtain the optimal processing parameters
according to the required quality of the optical lenses, for instance, ac-
curacy and geometric deviations. Furthermore, it was given a brief
overview of the functional coatings, such as AR coatings, with recent
advances in this field, and its application on optical lenses.

It is important to highlight that, with increasing requirements of the
optical components, such as accuracy, the reduced structure dimensions,
and the high surface quality, the development of high-performance
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tools, using new materials, and new cost-effective technologies for the
micro and nanofabrication of optical inserts will be even more signifi-
cant in the future. Further developments in the optical field, such as the
integration of high quality mold inserts, accurate replication processes,
and precise micro-assembly methods will offer new opportunities and
applications for optical polymers, enabling performance improvement,
lightweight systems, new complex surface forms with desirable freedom
of design and miniaturization. Achieving high-performance optical
coatings on these complex surface forms demands the constant devel-
opment of thin-film fabrication technologies. Furthermore, aspects as
cost-efficiency, environmental impact, and coating system durability
have to be considered.

Even though the polymer optical lenses have been explored, as
outlined in this review, the continuous improvements and optimization
of the process with the developments of new lens designs and in novel
applications, appear to have countless potential in future research in
different scientific fields.
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