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1
Introduction

Stefan Béumer (Philips Centre for Industrial Technology (CFT), Eindhoven,
The Netherlands)

Optics has been identified as one of the key technologies for the 21st century.
Already now in our daily lives we come across optical technologies in several
areas:

e atthe supermarket most of the tills work in conjunction with bar code scanning;
e ink jet printers perform automatic calibration and media detection;

e most new mobile phones have an integrated camera;

e music and movies are available on CD and/or DVD players;

e computers store data on optical disks;

e Dblood sugar measurements are based upon optical technology; and

e LED illumination exists in several applications.

Looking at the examples above, it can be concluded that optical technologies are
part of various market segments: consumer electronics, lighting, medical, auto-
motive, sensors in general, security, and biometrics.

In order for these markets to further develop and emerge not only do smart
inventions have to be made but also suitable manufacturing technologies have to
be developed. For optical technology to really reach out and find applications in
the mass market it is essential that optical components and systems can be manu-
factured in high volumes and at low prices. Many of the other components for
high-volume applications as described above are based on silicon technology.
Light sources such as LEDs and laser diodes can be manufactured using already
developed silicon processing and manufacturing technology. The same holds for
detectors such as photodiodes and CCD or CMOS cameras. These wafer-based
technologies can cope with (very) high volumes and are of low cost. For integra-
tion of optical systems together with silicon devices in high-volume consumer
optics, injection molding is the manufacturing method of choice. Once a design
is cut into a tool and the proper processing for the application is developed, hun-
dreds of thousand of virtually identical products can be made from that one mas-
ter. Injection molding of optics is known for showing very little part-to-part varia-
tion once the proper process is defined. Also, using multi-cavity molding, low
prices per piece and a fast production cycle can be achieved. Using 8-cavity — and

Handbook of Plastic Optics. Second Edition. Stefan Biumer (Ed.)
Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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1 Introduction

sometimes even 16-cavity — molding, production volumes of well above a hundred
thousand parts per week can be achieved. These are the kinds of volumes needed
to keep up with silicon manufacturing technologies, enabling the high-volume ap-
plications. For these lager volumes injection molded optics are highly cost effec-
tive. Compared to classic optics production with limited capital investment in
machines and tooling, many parts can be produced. Furthermore the injection
molding process can be automated and run with few operators.

As well as being cost effective in high-volume applications the other big advan-
tage of injection molded optics is the possibility to also include mechanical fea-
tures in the optics parts. This allows for cheaper, faster assembly. If reference
marks are included in the optomechanical design, and the design is such that
critical surfaces are referenced to each other through precision tooling, assembly
can be done in a plug and play fashion. Parts can be stacked together without extra
alignment of the components. There is even a possibility for (semi-) automated
assembly. This is again a necessity for high-volume/low-cost production.
Chapter 2 discusses various examples of integrated optomechanical design. By
making use of combined optomechanical design, where in some cases the num-
ber of parts in a system can also be reduced. In particular, mounting rings and
spacers can be eliminated quite easily. Although in some cases the price of the
individual components might increase slightly by this integration, on the scale of
the whole system costs can be reduced.

Injection molded optics is predestined for integration of functions — another
advantage of optics produced by this process. Complex shapes can be realized
using advanced tooling and molding. Mechanical functions can be combined with
optical ones, and also electrical and chemical functions can be added. The last
mentioned one is especially important for the emerging field of biosensing and
biotechnology.

The overall drive for integration of functions is usually miniaturization. In clas-
sic manufacturing technology it can be fairly difficult to produce parts that are
less than certain dimensions. Handling between polishing steps and working on
front and back surfaces can become a problem. Molding these small parts can be
of significant advantage, since fewer handling steps are involved.

Another advantage as regards injection molded optics is that packing of molded
components can be made very effective. It is no problem to place molded optical
components into a tape and reel package. The optical components can than be
combined with silicon parts using standard pick and place machines, as they are
common in the printed circuit board industry. Figure 1.1 shows a typical CMOS
camera module in an exploded view and then packed in a tape.

Along with these many advantages, the challenges for plastic optical compo-
nents lie mainly in the area of environmental resistance and durability. Plastic
optical components have a limited temperature range in which they can operate.
Water absorption, thermal expansion, and change of refractive index with temper-
ature are other problems one encounters while working with injection molded
optical components. Chapters 5 and 6 describe these problems in detail and also
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Figure 1.1 left: exploded view of a COMS camera module,
right: tape of CMOS camera modules®

ways to circumvent some of them. However, in most cases the benefits of using
injection molded optics by far out weight the disadvantages.

Many advances in injection molded optics have been made, which started to
really penetrate into the market with the advent of CD players. Besides defining
ever more applications, research and development has been taking place in the
following areas:

e molding machine development;

* tooling for optical inserts and molds;
e materials;

e coatings; and

e processes.

Taking all these developments into account it should become clear to the reader
that injection molding of optical components is state-of-the-art manufacturing
technology for high-volume optics. Precision and quality of molded optical com-
ponents is at a level comparable to glass optics and certainly way beyond the level
of toy-like applications.

This book attempts to give a coherent overview of the current status of injection
molded optics. Since injection molded optics is a subject with many facets, it was
decided to ask several experts in their fields to contribute to this book. This way
the specific disciplines are covered in sufficient depth. Also, since injection mold-
ing is a manufacturing technology, all of the contributors either work in or have
very close links to the industry. Therefore this book reflects practical molding
experience rather than theoretical reflections. After going through the book, the
reader should have a basic understanding of injection molded optics in all of the
relevant areas. He or she should be able to enter a detailed and specific discussion
about his/her application with an injection molding company. Also, engineers
working in a specific area of injection molded optics can use the book for broad-
ening their knowledge in other areas of injection molding. A designer can learn

3
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more about metrology and a tooling engineer more about materials. By sharing
experiences and knowledge the whole industry should profit and advance to the
next level.

The basic idea that serves as a guideline throughout the book is the thought that
all products have to go through a Design — Build — Test cycle. This idea has also
been kept in the second edition of the book. Therefore, all the chapters of the first
edition have been kept. Chapters 2, 3, and 5 have gone through some minor revi-
sions and corrections. Chapters 4 and 6 have been substantially revised and
updated. In order to make the book even more complete, three new chapters have
been added: Process and Molding Equipment, Cost Modeling, and Applications.
All the new chapters contain topics that are vital when talking about plastic optics,
and deserve more attention than previously. With these additions and revisions of
the previous chapter, this book is on its way to become more of a true handbook
and reference for injection-molded optics.

Chapter 2, the first chapter after this introduction is devoted to optomechanic
design of injection-molded optics. The unique opportunities in injection-molded
optics to combine mechanical and optical features in one component are
described. Special attention is paid to the thermal properties of the optical plastics
and the proper design with these.

In Chapter 3 the building part of the cycle is covered. During the past few years
immense advances in precision engineering and especially single-point diamond
turning of optical surfaces have been made. The advances in tooling capability are
essential for modern injection molded optics. While designing in glass gives the
designer a freedom of material with preferably spherical forms, the designer of
injection molded optics is left with very few materials but with freedom of form.
However, in order to utilize fully the potential of free and aspherical forms optical
tooling needs to be at a level such that these forms can be manufactured. In addi-
tion to advanced optical tooling, the whole variety of mold design and tooling is
described. This ranges from prototype molding to multi-cavity series molds.

In Chapter 4 an overview of current state-of-the-art metrology is given. As in all
of the other chapters the subtleties of injection molding are emphasized. A few
generic metrology technologies are discussed and the conflict between these ge-
neric methods and custom metrology setups is described. Also the need for high-
volume inspection is discussed.

Chapter 5 is devoted to materials. If currently or in the future there is one area
that is or will be important for injection molded optics, then it is materials. At
present it is very difficult to get reliable and coherent data on optical plastics. In
the chapter an attempt is made to provide these data for the most common optical
polymers. The most relevant properties of many optical plastics are listed and
described. This chapter can serve as a reference for properties like refractive index,
Abbe number, thermal expansion, etc.

Chapter 6 deals with coatings on polymers. Proper coatings can add value to
injection molded optics. Besides that, coatings can enlarge the areas of application
of polymer optics. Coatings can be used not only to enhance the optical perfor-
mance of injection molded components but also make them more able to with-
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stand a larger range of environments. In this way some of the traditional short-
comings of injection molded optics can be compensated for. The chapter gives an
overview of the current state-of-the-art of coatings on plastics. Also, the challenges
of working with plastics are illustrated.

Chapter 7 is devoted to injection-molding equipment and processes. Besides
proper design and tooling, suitable processes for the parts at hand are necessary
as well. The processes used go mostly together with the injection-molding equip-
ment available. Therefore, Chapter 7 gives a good overview on both: some of the
most common equipment and on injection molding processes. Since processes
are usually a core competence of the injection molding companies, this chapter
gives an overview on basic principles; not recipes to follow.

A reoccurring topic in injection molding is costs. When it is cost effective to
start molding? What are initial costs involved? These are only two of several com-
mon questions asked. Chapter 8 shines some light on cost modeling for injection
molding. The chapter gives a review on several of the most important parameters
that determine the cost of injection molding parts and products. As the other
chapters of the book, this chapter can also be used and read from various perspec-
tives: engineer, purchasing, and general interest.

The last chapter that was added to the second revision is a chapter on Applica-
tions. Sometimes in can be very useful and illustrative to see, how certain pro-
blems have been solved and how some of the solutions look like. In Chapter 9,
several authors of companies and institutes have been willing to lift the tip of the
veil and share their solutions with the reader. This chapter is intended more as an
inspiration and food for thoughts on what is possible using injection-molded
optics.
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Optomechanics of Plastic Optical Components

Michael Pfeffer (Optical Engineering, FH Ravensburg-Weingarten, Germany)

2.1
Introduction

Citing Dan Vukobratovic, Willey and Parks [1] defined optomechanics “as the
science, engineering, and/or art of maintaining the proper shapes and positions
of the functional elements of an optical system so that the system performance
requirements are satisfied.” With respect to mechanical engineering this also
implies “that the emphasis is on strain or deformation rather than stress.”

Starting from this point of view, several new aspects arise when considering
plastic optics, all of which have their origin in two fundamental differences. First,
in comparison to glasses or metals, optical plastics have quite different material
properties. Second, plastic optical parts and components are typically fabricated
by methods and processes different from those applied to classic optics.

As a consequence, this gives rise to, on the one hand, various new possibilities
such as:

e high-volume production capability and low relative manufacturing cost;

e freedom with respect to design, shaping, and structuring optically active sur-

faces, including aspheric, micro-optical refractive, and diffractive features;

reduction of weight due to both smaller densities of plastic optical materials

and facile realization of lightweight structures;

e higher shatter resistance due to the elastic behavior of most plastic optical mate-
rials; and

e implementation of cost-saving mounting methods for optical elements such as
snapping, screwing, and welding techniques when dealing with thermoplastic
resins.

The aspect with the highest overall impact with respect to the issues listed above
is probably the monolithic integration of several optical, mechanical, or even elec-
trical features.

Handbook of Plastic Optics. Second Edition. Stefan Biumer (Ed.)
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2 Optomechanics of Plastic Optical Components

On the other hand, there are also some optomechanical challenges [2]:

e Compared to glass, optical plastics show much higher photoelastic birefrin-
gence, which requires very careful study of both fabrication- and mounting-
induced stress.

Higher thermal expansion coefficients and lower thermal capacity and conduc-

tivity may cause important dimensional deformations. Therefore, athermaliza-

tion becomes an important issue.

e Since service temperatures of almost all optical plastics are lower than those of
glasses and metals, thermal management on a systems level has to be consid-
ered.

e Due to low mechanical hardness plastic optical materials are quite sensitive to

scratching. This can be addressed by the use of hard, scratch-resistant surface

coatings.

Outgassing limits the use of plastic optical components in ultrahigh vacuum

(UHYV), since most polymers contain lubricants, colorants, and stabilizers,

which may outgas.

Another characteristic property of plastic optical materials is water absorption,

which causes both dimensional changes by swelling and changes in the refrac-

tive index.

Shrinkage due to cooling in an injection molding process is rather complicated

to predict.

e When exposed to ionizing radiation, plastic optical materials show some fluo-
rescence or even discoloration by polymer chain cross-linking.

All these items have to be taken into account when optimizing plastic optical
parts and systems.

2.2
Configuration of Plastic Optical Elements

In general, an optical element has not only to fulfill optical functions but also me-
chanical and sometimes even electronic functions.

From a functional point of view optical elements generally can be divided into
two groups: imaging and non-imaging optical devices. Of these two device groups,
each may work with surfaces having refractive, reflective, diffractive, or stop func-
tions.

Optical devices must also be considered as mechanical parts, which have to be
mechanically aligned, centered, fixed, mounted, and assembled.

In some cases optical elements even must be considered as electric or electronic
devices. For example, when using the surfaces of an optical element as substrate
for integrated or printed circuits or in the case of electromagnetic compatibility
(EMC), the electronic function aspect of such primarily optical devices may
become an issue.



2.2 Configuration of Plastic Optical Elements

The following discussion starts with the configuration of single-function ele-
ments such as lenses and elements with integrated fixation features. This is fol-
lowed by the consideration of some examples of plastic optical elements with high
functional integration.

2.2.1
Single-Function Elements

Apart from plano window elements, the simplest plastic optical element is a lens

with an integrated mounting flange, whether with a protrusion (Figure 2.1, top)
or a flat (Figure 2.1, bottom) for both gating and orientation with respect to the

mounting position.
;srm platelet

meniscus shaped front lens

gate protrusion
fo orient the lens
mounting position

meniscus shaped rear lens

f/ﬁ I y
\ \
+ ! -x\\ -2
M{L W
Figure 2.1 Top: components of the objective position. Bottom: meniscus lens with gate flat
lens system of a single-use camera consisting ~ from Ref. [21]. Note the edge configuration ser-
of a meniscus-shaped rear lens, a stop platelet ving for both lens centering and as a spacer
made of steel, and a meniscus-shaped front with respect to other lens elements or the

lens. Note the mounting flange and the gate mounting barrel.
protrusion to orient the lens mounting

Particular attention has to be paid to the edge configuration. Higher stress lev-
els at the edge of the optic cause birefringence and surface irregularities, the so-
called “edge effect” [3]. Consequently, for standard-size lenses the effective aper-
ture should be at least 1-2 mm beyond the clear aperture, i.e., the edge between
flange and optical surface. To allow injection of molten plastic into the lens cavity,
any increase in lens diameter should be accompanied by a proportional edge
thickness increase. Typically the edge thickness varies between 1 and 3 mm.

Another feature to consider when designing edge configurations is the integral
use of the flange as spacer requiring no additional spacers. If no flanges are incor-
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porated, the same airspace may result in a spacer requirement that is too thin,
particularly for robotic assembly (Figure 2.2, left). Extending the flange beyond
the surface vertex of a convex surface protects the surface from damage when the
lens is placed on a table or in a tray [21]. However, integrating flanges around a
lens for mounting purposes requires thick flange walls designed with chamfers
and radii that do not degrade the quality of the optics [3].

7,
_}_x\_ v N7 AN

N k
N\ A7 NN\ . \
LN ’ D 7PN

Figure 2.2 Edge configurations of plastic optical lenses. Left: flange spaced lenses; right: edge
contact assembly (both from Ref. [20]). Note the possibility of achieving small airspace and pro-
tection of convex optical surfaces by extending the integrated flanges beyond the vertex (left).

Finally, plastic optical elements can often be designed to nest with one another,
allowing the parts to be centered without the use of expensive mount designs (see
Figure 2.2).

2.2.2
Elements with Integrated Fixation Features

Apart from simple flanges around lenses, there is a large variety of integral
mounting and fastening features. In cases where a complete flange around a lens
element is not possible, e.g., mounting/assembly problems or stress-induced bire-
fringence, fastening pads with slots and holes can be applied (Figure 2.3, left).
This is particularly the case for rotationally non-symmetric prismatic elements
(Figure 2.3, center and right).

Figure 2.3 Plastic optical elements with integrated mounting slots and flanges.

Left: lens assembly with three single slots; center: Small porro prism with two slotted
mounting flanges; right: small prism with one-side cut circular flange and two fixation
slots [4].
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Generally, slots with an open end are preferred over mounting holes. This is
because slots create less optical distortion during molding due to local shrinkage-
induced deformation [3].

223
High Functional Integration

Deliberately integrating several optical, mechanical, and electrical features into
one monolithic device could replace several discrete optical elements in an instru-
ment. This, in turn, would decrease costs due to easier assembly and alignment,
and lead to more reliable products, where in the case of failure the whole inte-
grated module could be replaced. Thus, higher integrated optical devices would be
of interest to many manufacturers dealing with optical assemblies.

Because of fabrication difficulties, until recently in classic glass optics it was diffi-
cult to integrate several optical and mechanical functions into one monolithic device.
However, because of the totally different fabrication process, injection-molded optics
offers an enormous variety of surface shapes and structures, easily allowing the
implementation of several optical, mechanical, and electrical features.

Therefore, when dealing with plastic optics designers should aim for a high
degree of feature integration. Here, it is important to resist the urge to emulate
glass-based optomechanical design approaches. A fully optimized polymeric opti-
cal system not only makes use of aspheric technology and integrally molded fea-
tures in the optical elements but also embodies an extension of this design philo-
sophy into the lens housing concept and assembly strategy.

The best way to show the variety and the potential of functional and geometric
integration of plastic optic elements is done through examples. In following some
examples of highly integrated monolithic plastic optical elements for both imag-
ing and non-imaging purposes are considered.

Figure 2.4 Monolithic plastic optical
assembly made of poly(methyl methacrylate)
(PMMA). The device is about 50 mm high
and integrates a spherical and an aspherical
lens, sensor alignment holes and locating
ledges for sensors at the focal point of the
lenses, and a mounting flange [3].

1
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The first example is a highly integrated plastic optical device. This is a one-piece
molded assembly with two integral lenses, interfaces for sensors, and a mounting
flange (Figure 2.4).

Figures 2.5 and 2.6 show the viewfinder modules of different types of single-
use, entirely plastic cameras. The assembly integrates an imaging path composed
of two rectangular meniscus lenses, simple magnifying elements for the exposure
counter wheel, and a light-guiding feature to collimate light of the flash control
LED. Furthermore it incorporates several mechanical features such as snap hooks,
alignment pins, and play-free flexible bearings. Interesting in these modules is
the configuration, where the optical and mechanical features are almost all
“mounted” on a baseplate. One advantage of this design is the clearly defined gat-
ing area and separation line.

A small integrated plastic optical module mounted on a flexible printed circuit
is shown in Figure 2.7. Apart from an illumination path, also an imaging path,
which runs over several beam-shaping surfaces, is integrated in this example.

Recently, Tan et al. [27] presented a highly integrated miniature plastic optical
device to focus and monitor light from a VCSEL for bar-codes reading applica-
tions. With integrally-molded pins they realized improved mounting, alignment
and fixation functionalities.

An example of a highly integrated plastic optical imaging device is shown in
Figure 2.8. This illustrates an integrated waveguide optic structure to detect fin-
gerprint patterns [7] by imaging the evanescent coupled light of an LED. In total
the device integrates monolithically seven surface elements between the light
source and the two-dimensional CCD imaging device.

The region between the illumination asphere and the output asphere is solid
acrylic. Thus, the device can be regarded as a waveguide, where total internal

snap-fit hook
N\

fixation ridge

meniscus shaped front lens

base plafte

light pipe with
magifying lens
for flash control
LED display

ejector foot prints

magnifier lens
for display of
exposure number

snap-fit hook
meniscus shaped rerar lens

gating area

Figure 2.5 Monolithic viewfinder module of a single-use, totally plastic camera. The
module integrates three optical features (viewfinder lens pair, exposure number magnified
display, and LED flash control display) and several mechanical features, such as a baseplate
structure to hold all optical elements and snap-fit hooks and ridges to fix and position the
module in a suitable assembly.
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counfer wheel stuck
free from play in a
lamellar bearing

meniscus shaped rear lens

light pipe with
magifying lens
for flash control
LED display

meniscus shaped front lens

gating area

Figure 2.6 Monolithic viewfinder assembly of a similar type of one-use, totally plastic
camera to that shown in Figure 2.5. This module additionally integrates a play-free lamellar
bearing to hold the cogwheel of the exposure counter. View from left top (top), view from
right top (bottom left), and view from top with the lamellar bearing (bottom right).

Figure 2.7 Small monolithic plastic optical module (from Ref. [5]). Left: two different
configurations of the optical module; right: optical module mounted on a flexible
printed circuit.

reflection (TIR) occurs at well-defined surfaces to shape the light bundle: first for
illumination purposes (aspheric illuminator surface), and second to relay the
image from the sensor area onto the two-dimensional CMOS camera mainly
using TIR.

To achieve TIR almost all optical surfaces of the device are strongly off-axis. This,
however, results in significant geometric distortions and especially astigmatism,
which are accommodated with toroidal elements and differential x—y apertures.

13
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fingerprint toroi
1 toraidal TIR oroidal X
evanescent coupling oroida aperture

LED

planar Y aperture
aspheric objective

aspheric illuminator planar TR CMOS camera

Figure 2.8 Fingerprint waveguide optic structure (from Ref. [7]). Optical layout including
LED, aspheric illuminator, and planar, aspheric, and toroidal surfaces or apertures.

According to Hebert [6] this example was a particularly challenging design in
that it required image-quality resolution, which only could be achieved in tooling
with diamond-turning technology.

Figure 2.9 shows a further example of a highly integrated plastic optical ele-
ment. This optical module is the functional kernel of a four-channel reflectometer
of a single-use device for testing hemoglobin Alc [8]. It monolithically incorpo-
rates single and dual off-axis aspheres and toroidal and planar surfaces and aper-
tures.

toroidal TIR

two of four channels
28 elements

chemistry sample zone

dual off-axis asphere

common detector

common LED

Figure 2.9 Four-channel reflectometer of a single-use device for testing hemoglobin

Alc [8]. Top: optical layout including a common LED (for both reference and measurement
paths), off-axis aspheres for light collimation, toroidal and dual off-axis aspheres, as well
as several planar surfaces or apertures. Bottom: monolithic realization as one highly
symmetric plastic optical module.
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Mounting Plastic Optical Elements

As mentioned in Section 2.2, mounting features can easily be incorporated into
the optics themselves. Cells and housings can also be configured to minimize the
number of parts and assembly labor, and to allow the use of mechanical fasteners,
adhesives, or heat sealing.

The design flexibility and the cost-saving potential of polymer optics can only be
fully realized when the optical as well as the mechanical design is approached in a
fundamentally different manner from that of glass-based optomechanical design.
This means that a fully optimized plastic optical system implies not only inte-
grated mechanical features and aspheric and diffractive surfaces, but extends this
different design philosophy to mounting and assembly issues. The earlier the
housing concept and assembly strategy are considered together, the better is the
chance of not hindering parallel innovation concerning other aspects of the devel-
opment process.

Since the thermal and mechanical properties of most plastic optical materials
differ greatly from those of metallic materials typically used in glass-based assem-
blies, for mounting plastic optical elements one should primarily consider plastic
or reinforced plastic materials. There are basically three different types of mounts
made of plastic:

e Clamshell mounts. This type of mount consists of two identical half-shells
made, for example, by injection molding of plastic material. When assembling,
the optical elements are simply inserted in the seats of one half-shell. The sec-
ond half-shell then serves as a top cover which can be attached by snap-fixa-
tions, UV-curing adhesive or ultrasonic bonding, or C-type expansion rings. In
particular, the last method mentioned allows expansion of the optical elements,
e.g., due to thermal changes. A typical example of this type is shown in Figure
2.10 (left). The internal configuration of the clamshells typically consists of half-
ring-shaped local pads which determine the centric position, solid integrally
molded tabs defining the axial position of the plastic optical element and ser-
ving as aperture stop, and flexible tabs allowing one to clamp the optical ele-
ment axially (Figure 2.10, right). Benefits of this mounting type are the mini-
mum number of parts and easy assembly. However, according to Ref. [3], con-
trol of centering and tilt is considered to be of moderate quality.

e Collet cap-type lens housing. This type of mounting for plastic optical elements
is based on a slotted Collet sleeve into which the lens elements are filled and
stacked. The orientation tappets of the lens elements are then inserted into the
slots of the sleeve. Axially the lenses lean against the shoulders of the seats and
are fixed by means of an ultrasonically bonded cap (Figure 2.11).

15
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flexible
tab

molded
—=— aperture
stop

anti-reflection

N thread

lenses on local
—=——— pads to allow for
mold adjustment

Figure 2.10 Clamshell lens housing. Left: the device consists of two identical housing
half-shells, between which the lenses are inserted. The whole assembly is clamped by an
expansion C-ring, which is snapped in the slot [2]. Right: internal mounting details [9]
such as flexible tabs, integrated aperture stops, antireflection threads, and load pads to
allow for mold adjustment [3].

e Barrel-type lens housings. These are similar to glass-based barrel-type lens
housings but are made of plastic. Providing better accuracy than clamshell
mounts, barrel-type mounts typically require retainers, which can be screwed,
adhesively or ultrasonically bonded, or heat-sealed. However, excessively long
mounts and wall-thickness variations resulting from draft-angle allowance
make it more difficult to mold mounting barrels with high accuracy. An impor-
tant issue in this context is the definition of the parting line as shown in Figure
2.12, bottom. In the upper section of the figure the parting line is axially set to the
aperture stop location, allowing an integral molded aperture stop and few accessory
parts. However, accuracy with respect to the concentricity of the elements left
and right of the aperture stop may be inferior to the mounting method shown
in the lower section of the figure, where the parting line is set to the right.

Figure 2.11 Collet-type lens housing
(from Ref. [2]).
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external
threads
can be
molded

one piece
mount

maintain constant
wall thickness

retainer: cemented in, molded
—— screwed in, spacers
ultrasonically bonded

parting line
upper diagram

better concentration
between elements

parting line
lower diagram
Figure 2.12 Barrel-type lens housing (from Ref. [3]). Top: one-piece lens

barrel with various shoulders, requiring retainer and spacer rings.
Bottom: barrel-type lens housing with two different axial positions of

the parting line.
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24
Dimensional Stability

Dimensional stability relates to the ability of a material or part to retain its shape
when subjected to varying temperature, moisture, pressure, or other stress. With
respect to optical instruments, many properties of plastic optical materials have to
be considered; however, first among these is the dimensional stability [10] of the
plastic material, both the intrinsic stability of the base material and the instabil-
ities attributed, for example, to injection molding.

Concerning the dimensional stability of plastic optical components, we will mainly
focus on structural and thermal stability as well as on moisture expansion issues.

2.4.1
Structural Stability

Structural stability, with respect to both static and dynamic load, is a basic require-
ment for most optical systems. Therefore the choice for a certain geometric con-
figuration of a component, its constituent material, and the applied fabrication
processes must be carefully studied.

Structural stability as regards static and dynamic load can be characterized by
the following parameters:

¢ Resonant frequency.

o Deflection at constant thickness.
o Deflection at constant mass.

e Mass at constant deflection.

2.4.1.1 Resonant Frequency

Concerning dynamic load, i.e. vibrations, the resonant frequency is the corre-
sponding specific parameter. The higher the resonant frequency of a certain com-
ponent, the stiffer it is. The further the resonant frequency is from the excitation
frequency, the smaller is the oscillation amplitude (Figure 2.13), i.e., the dimen-
sional changes of the component.

amplitude
of system

undamped

lightly damped

heavily damped
v P Figure 2.13 Amplitude—frequency

characteristic of a system:
frequency undamped, lightly damped, and
.n of driver heavily damped.




2.4 Dimensional Stability

Apart from the geometry of the component, the choice of the material plays an
important role. This can easily be shown, taking the example of a vibrating beam.
The motion of a vibrating beam with one side fixed is given by the following linear
homogeneous differential equation:

. c
X(t) + o x(t) =0 (2.1)

where the coefficient ¢/m is related to the resonant frequency w, by

c
wo = \/% (2.2)

The parameter ¢ is the spring constant of the beam. For a homogeneous beam
with rectangular cross-section it is determined by
c= % (2.3)
where E is Young’s modulus, I is the length of the beam, and I is the geometrical
moment of inertia. For a beam of width b and height h it is given by
bW
=4
The mass m of the beam can simply be calculated using m = pbhl, where p is the
density of the beam material. Substituting these expressions in Eq. (2.2) gives the
resonant frequency as

h E
w0 =S \/;. (2.5)

Assuming constant geometry, the resonant frequency w, is directly proportional
to \/E/p. Therefore, according to Paquin [11], the corresponding structural figure
of merit concerning resonant frequency is /E/p. For large plastic optical compo-
nents with protruding parts, in order to get high resonant frequencies this means
that the square root of the ratio E/p should be as large as possible.

I (2.4)

2.41.2 Deflection at Constant Thickness
When the self-weight deflections of identical geometries or plates of equal thick-
ness are to be evaluated the corresponding structural figure of merit is p/E. How-
ever, it has to be noted that each component will have a different mass.

Contrary to the resonant frequency figure of merit, here one prefers the lowest
possible ratio p/E in order to minimize deflection.

2.41.3 Deflection at Constant Mass

In the case where the deflections of components of equal mass but independent
thickness are to be compared the factor p’/E serves as an appropriate figure of
merit.

2.41.4 Mass at Constant Deflection

A comparison of the mass of different plastic structures when keeping deflection
constant and independent of thickness leads to the expression /p?/E as a figure
of merit.

19
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Table 2.1 lists some mechanical properties and the structural figures of merit

discussed above for a selection of optical plastic materials.
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242
Thermal Stability

Thermal stability, with respect to both steady-state and transient thermal load, is a
further requirement for optical systems. Dimensional stability with respect to
thermal load is directly related to the following material properties:

e Coefficient of linear thermal expansion.
e Thermal conductivity.

e Specific heat.

e Thermal diffusivity.

e Steady-state and transient distortion.

2.4.2.1 Coefficient of Linear Thermal Expansion

The coefficient of linear thermal expansion a is the ratio of linear expansion
caused by a rise in temperature of 1°C. In the literature the abbreviation CTE is
frequently used.

Over small temperature ranges, the linear nature of thermal expansion leads to
expansion relationships for length, area, and volume in terms of the linear ther-
mal expansion coefficient:

g:01~AT; A—A:2a~AT; A—V:3a~AT. (2.6)
Ly A Vo

It should be noted that the coefficients of linear thermal expansion of plastic
optical materials are typically a factor of ten higher than those of glasses. In com-
parison to metals they are about a factor of five higher.

2.4.2.2 Thermal Conductivity

Thermal conductivity is a property of materials that expresses the heat flux @,
(W/m’) that flows through the material if a certain temperature gradient AT (K/m)
exists over the material. The heat flux is given by

By = k- AT. 2.7)

The thermal conductivity k is usually expressed in W/(m K). It is related to the
density p, the specific heat c,, and the thermal diffusivity D by

k = pc,D. (2.8)

The thermal conductivity of plastic optical materials is relatively small. Values
of k range between 0.14 and 0.22 W/(m K). This is about three orders of magnitude
smaller compared to metals, and compared to glasses it is still about five times
smaller. This means that plastic materials are good thermal insulators.

High thermal conductivity of optical components has two effects. For passive
optical components absorbed heat can rapidly flow to heat sinks, whereas for active
optical components, which create heat, e.g., laser diodes, heat cannot flow away.
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2.4.2.3 Specific Heat

The specific heat, also called specific heat capacity, is the amount of heat Q re-
quired to increase the temperature of a unit mass m of a substance by one degree.
Qs given by

Q = ¢,mAT. (2.9)

Therefore, the specific heat has units of energy per mass per degree, and at con-
stant pressure is commonly denoted c,. For typical optical polymers at constant
atmospheric pressure ¢, varies between 1.2 and 1.97 kJ/(kg K). Compared to met-
als (~0.12-0.8 kJ/(kgK)) and glasses (~0.75-0.85 kJ/(kgK)) this is two times
greater; however, compared to water (4.19 kJ/(kg K)) it is two to three times small-
er. With respect to optical components it follows from Eq. (2.9) that the greater c,,
the greater the heat necessary to change the temperature of the component by
one degree. Thus for a given amount of heat, in order to keep the temperature
change of a certain optical element low, the ¢, value should be as high as possible.

2.42.4 Thermal Diffusivity
A measure of the rate at which a temperature disturbance at one point in a body
travels to another point is expressed by the diffusivity, found by rearranging Eq.
(2.8):

p- X (2.10)

pe,

where k is the coefficient of thermal conductivity, p is the density, and ¢, is the
specific heat at constant pressure. Values for metals are typically three orders of
magnitude higher than those for plastic optical materials. Diffusivities of glasses
are about five times higher than typical values for plastic optical materials.

Since for optical components homogeneous temperature distributions are re-
quired, large diffusivity values are desirable. Among optical plastics poly(4-meth-
yl-1-pentene) (PMP) shows the highest value (1.97 x 10°° m*/s) whereas for poly-
carbonate (PC) the value is only 1.2 x 10° m’/s).

2.42.5 Distortion Coefficients
When comparing plastic optical materials with respect to thermal distortion one
has to distinguish between steady-state and transient temperature characteristics.

In the steady-state case only the linear thermal expansion and heat conductivity
are taken into account. The corresponding figure of merit is given by the ratio a/k.
Thus, in order to minimize thermally induced distortion a small a/k ratio should
be chosen. The values for the materials listed in Table 2.2 vary between 56 mm/W
for amorphous nylon up to 700 mm/W for PMP. Typical optical plastic materials
such as COC, PC, and PMMA for high-quality optical components have a/k values
between 390 and 450 mm/W. CR39 has a value of only 218 mm/W.

In the case of transient thermal changes heat storage, linear thermal expansion,
material density, and heat capacity parameters are involved. The equivalent figure
of merit is then the ratio a/D. Similar to the steady-state regime, for minimum
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thermal distortion a small ratio should be chosen. Here again amorphous nylon

shows excellent values (108 s/(m”K)), whereas components made of PMP and
SAN again are prone to thermally induced distortion (having relatively high val-
ues). Typical values for commonly used plastic optical materials vary between

332s/(m”K) for CR39 and 573 s/(m’ K) for PMMA.
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243
Moisture Expansion

For most optical plastic materials values of moisture or water absorption at equi-
librium and saturation are given by material suppliers. However, as regards
dimensional stability the coefficient of moisture expansion (CME) should be
known. This is defined as the fractional increase in length per unit mass variation
due to moisture desorption or absorption.

The CME is determined by measuring the moisture content change and the
strain change between two moisture equilibrium states. Unfortunately, until now
there has not been much published on typical CME values for optical plastics. As
an order of magnitude, for PMMA a value of about 0.5% can be assumed.

25
Tolerancing

One of the most critical issues in determining the performance and cost of an
optical system is the assignment of tolerances to both the material-related optical
parameters and the dimensional parameters. Even though much effort has been
expended on scientifically describing the tolerancing process [12], in practice,
however, tolerancing is mainly based on experience, or can even be considered an
art.

Much more than in classic optics, tolerancing of plastic optical systems requires
strong interaction between the optical designer, the optomechanical engineer, and
the production engineer. A key here is optomechanical engineering, since it can
take advantage of the possibility of integrating optical and mechanical features,
and therefore inherently integrating to a large extent the alignment tolerances
into the fabrication tolerances.

In plastic optics the aim is for a system such that each of the components is
fabricated to an accuracy that will ensure that an instrument will be adequately
precise and aligned to give the required performance by simple assembly with
almost no alignment or adjustment.

2.5.1
Tolerance Budgeting and Allocation

In order to achieve the performance requirements under any of the functional
and environmental conditions a tolerance budget may help determine how to dis-
tribute the totally allowable wavefront error (WFE) among the many facets and
tolerances of the system. The various theories as to how to combine error effects
in an optical system are discussed in the literature (e.g., Ref. [12]). Although some
authors, e.g., McLaughin [13], show that a simple root sum of the squares (RSS)
approach to compute the total allowable WFE from the single error sources tends
to be too pessimistic, it is a simple and quite useful first-order approach.
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Figure 2.14 Monolithic 45° prism with two
spherical surfaces and integral mounting
flange of an airborne optical sensing device.

max. allowable total
wavefront error (WFE)

In jrms

‘ design ‘ ‘ fabrication ‘ ‘ alignment ‘ ‘ environment ‘
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dimensional change (swallowing)
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Figure 2.15 Wavefront error (WFE) budget for the plastic optical component
shown in Figure 2.14.

Let us now consider as an example for a WFE budget a typical plastic optical
component: a monolithic 45° prism with two spherical surfaces and integral
mounting flange of an airborne optical sensing device, as shown in Figure 2.14.
As depicted in Figure 2.15, the principal error sources of such a plastic optical
device are:
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¢ Residual optical design error. This error source corresponds to the remaining
error after all optimization processes. It is typically expressed as an RMS value
of the WFE in units of the corresponding wavelength. Almost all optical design
software easily allows the quantifying of this error.

e Fabrication error. All optical components of a real optical system are never per-
fect, since the processes to manufacture them have limited precision. The max-
imum amount of fabrication error is directly related to the manufacturing toler-
ances. In the case of injection molded plastic components there are typically
two principal fabrication-related error sources: tooling shape error of the mold
and shrinkage.

High precision molds are made by cutting processes such as single-point dia-
mond turning, grinding, and polishing, all of which are limited in precision. Con-
sequently, these limited precision processes create plastic optical components
with deviations from the perfect geometry.

Besides tooling errors, surface tension and volumetric shrinkage are the most
important error sources. According to previous work [2, 14, 15], the accuracy to
which a precision optical surface can be molded may be strongly influenced by
surface tension effects. Especially in corners and edges where the ratio of surface
area/volume is locally high, surface tension may create non-uniform shrinkage.
Surface tension and volumetric shrinkage may, however, actually aid in the pro-
duction of accurate surfaces. In spite of much activity on injection mold simula-
tion, an interferometrically precise prediction of the WFE created by both volu-
metric shrinkage and surface tension effects is hardly possible.

It may often be helpful to break down the fabrication-related errors to each of
the optically active surfaces, i.e., in the present example surface 1 (convex), surface
2 (plano), and surface 3 (concave).

o Alignment error. The geometrical position of the plastic optical element with
respect to other optical elements or the mechanical datum axis is a further error
source to be considered. This error is mainly determined by the accuracy of the
alignment process, which, in principle, is quite well determined.

¢ Environment-related error. Optical systems or monolithic plastic optical devices
are normally designed under theoretically ideal conditions. However, in practice
they are used under various environmental conditions such as, for the present
example, thermal changes, variations in humidity, and vibrations.

Among the thermal effects the following three aspects have to be taken into
account: thermally induced change in refractive index (dn/dT); thermally induced
stress birefringence, when, for example, due to thermal expansion of the chassis
or housing, stress and consequently birefringence is introduced; and thermally
induced geometric changes caused by thermal expansion and distortion.
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A second environmental influence on the optical performance is moisture. In
contrast to glass, plastic optical materials are quite sensitive to moisture absorp-
tion, which is a form of mass diffusion and is governed by Fick’s law:

% = _Dmoist Ea)_i
where D, is the diffusion coefficient, C is the moisture concentration, and m is
the mass flux per unit time. Moisture absorption has two effects: first, there is a
slight change of the refractive index; and second, dimensional changes and thus
changes in the optical performance have to be expected.

A third environmental influence is vibrations. Due to vibrations being induced
from the chassis or the housing, periodic dimensional changes occur, which may
greatly affect the optical performance.

The effect of these environmental influences on the WFE can be quantified by
finite element analysis, as discussed in Section 2.6. The difficulty here is mainly
the lack of information with respect to boundary conditions such as material prop-
erties, or temperature distributions at the interface between plastic optical ele-
ments and housing, chassis, etc.

Once the error sources for a certain optomechanical configuration with the cor-
responding assumed fabrication tolerances are identified and quantified, a tar-
geted optimization can start. Representing the influence of a certain optomecha-
nical parameter p; on the total wavefront error WFE,, (sensitivity=0WFE,,/dp)
using sensitivity tables helps to distribute and allocate the corresponding fabrica-
tion tolerances.

252
Typical Tolerances and Specifications for Plastic Optics

To optimize the design of an optical system most types of optical design software
use self-optimizing algorithms. The boundary conditions of such a multi-param-
eter optimizing process are normally given by the achievable manufacturing and
material tolerances, which have to be entered by the optical designer.

The more loosely these tolerances are chosen, the more difficult it becomes to
meet the optical performance requirements. Thus, in order to achieve a high-per-
formance optical system with realistic design, reasonable values for the tolerances
have to be chosen. The tolerance values in Table 2.3 give a first approximation for
four tolerance levels: low cost, commercial, state of the art, and extremely tight.

In any case, discussion drawings of the elements, with powers and apertures
based on the paraxial layout, and reasonable shapes and edges, should be pre-
pared and sent to various molders for comments on feasibility to help direct the
design effort.

27



28

2 Optomechanics of Plastic Optical Components

Table 2.3 Typical tolerances and specifications for injection
molded plastic optical parts [16-19].

low cost commercial state of the art extremely tight

focal length (%) +3-5 +2-3 +0.5-1 0.5
radius of curvature (%) +3-5 +2-3 +0.8-1.5 0.3
power (fringes) 10-6 5-2 1-0.5

irregularity (fringes/10 mm) 2.4-4 0.8-2.4 0.8-1.2

scratch/dig 80/50 60/40 40/20

centration +3 +2’ +1

center thickness (mm) 0.1 +0.05 +0.01 +0.015
flange diameter (mm) 0.1 10.05 +0.005/210  £0.015
radial displacement (mm) 0.1 0.05 0.02

repeatability (%) 1-2 0.5-1 0.3-0.5
diameter/thickness ratio 2:1 3:1 5:1

bubbles and inclusions (ISO 10110-3) 1x0.16 1x0.10 1x0.06
surface imperfections (ISO 10110-6) 2x0.10 2x 0.06 2% 0.04
surface roughness (nmpgy;q) 10 5 2

Ning [20] quoted for lenses with a diameter less than 8 mm surface figures of
better than 3/1. For larger parts as a rule of thumb a value of 5/3 fringes per 10
mm is given. Tribastone et al. [21] reported in 1995 that surface figures of most
optical molders cannot achieve 10-fringes surfaces on parts of about 75 mm diam-
eter, except for plano windows. On smaller parts, they stated, they may come close
to 0.5 fringes irregularity. Depending on the steepness curve and degree of
asphericity, Biumer et al. [17] presented in 2003 wavefront aberrations of
300 nmypy, (60 nmgyg) as standard, 150 nmyy, (30 nmygyg) as tight, and 75 nmyy
(15 nmyys) as extremely tight tolerances, assuming a factor of 5 between RMS and
PV values of the optical path difference.

Concerning the determination of the relative irregularity tolerance for a first-
order (Gaussian) layout, the following relation was given in Ref. [21]:

Clear aperture >2

Relative irregularity tolerance = . 8
& by Axial beam diameter

Furthermore, a maximum clear aperture of 90% of the physical diameter
should not be exceeded.

Regarding the refractive index tolerance, for injection molded optics a mini-
mum refractive index variation within one component of 10~ can be assumed.
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Finally it is important to note that the following are difficult to mold to preci-
sion tolerances: plano shapes, prisms, noncircular elements, strong surfaces, or
elements with high ratios of center to edge thickness and diameters greater than
75-100 mm.

2.6
Optomechanical Simulation of Plastic Optical Elements

In comparison to classic glass-based optics, plastic optical materials are much
more sensitive to thermal changes, mechanical stress, or moisture. This is mainly
due to material properties such as the coefficient of linear thermal expansion q,
the stress-optical coefficient k, and the thermo-optic coefficient dn/dT, all of which
are up to factors of ten higher than comparable glasses or metals. The CME, quan-
tifying dimensional changes due to moisture absorption, is not even relevant for
classic optical materials. Furthermore, especially for injection molded optical ele-
ments, fabrication-related material imperfections are a critical issue for high-qual-
ity applications.

To predict or improve the optical performance of a plastic optical device under
all of these influences requires corresponding analysis tools. Based on finite ele-
ment models, this technique was initially developed by Genberg [22], and later
applied to a variety of optomechanical problems [23].

2.6.1
Integrated Optomechanical Analysis

The principal aspect of an integrated optomechanical analysis is to transfer envir-
onmental- or fabrication-related dimensional or material-specific changes com-
puted in the finite element model into values that allow quantifying of the
increase/decrease in optical performance. Such values could be, for example, Zer-
nike polynomials or other standard surface fitting mathematical functions.

To obtain the optical performance metrics, such as WFE, point spread function,
modulation transfer function, or encircled energy, the transferred data from the
thermal and the structural analysis must be processed and evaluated by an optical
analysis (Figure 2.16). Regarding polymer optical systems and components the
following analysis types in particular have to be taken into account:

e Thermoelastic analysis.
o Stress birefringence analysis.
e Thermo-optic analysis.
e Moisture absorption analysis.

Material and dimensional imperfections are caused to a large extent by the fab-
rication method, e.g., injection molding. Here, a corresponding mold flow simula-
tion could provide spatially resolved actual material properties and the surface
profile.
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Figure 2.16 Optomechanical analysis interaction similar to that of Ref. [23].

2.6.2
Thermoelastic Analysis

A thermoelastic analysis is applied when thermally induced dimensional and
positional changes, such as change of element thickness, radii of curvature, or
higher-order surface deformations, in optical systems are to be determined. In
most cases these dimensional changes may severely affect the optical perfor-
mance of a plastic optical component.

The governing material property here is the coefficient of linear thermal expan-
sion (CTE). Plastic optical materials typically show CTE values 10 times higher
than those of metals or even 20 times higher than those of glasses.

Aspects to consider here are first that for most optical plastics the CTE increases
slightly with increasing temperature, and second that spatial variations of the CTE
of plastic optical elements and mounting structures might be critical for sensitive
optical systems. Using thermal load vectors in the thermal finite element model,
these CTE variations can be taken into account [23].

Finally, in order to evaluate the resulting change in optical performance the
results from such a thermoelastic analysis have then to be transferred, e.g., via
Zernike polynomials, into the corresponding optical metrics.
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2.6.3
Stress Birefringence Analysis

Stress birefringence is a quite typical phenomenon of plastic optical materials,
and due to the higher stress-optical coefficient is more important in polymeric
materials than, for example, in optical glasses. This accounts for the importance
of methods to quantify stress birefringence. To predict the optical performance of
a plastic optical component under stress the updated dielectric impermeability
tensor has to be known at each point in the optical element. A first method is to
compute the corresponding three-dimensional index ellipsoid map from the spa-
tial stress distribution of the finite element model, using the stress-optical coeffi-
cient matrix and the nominal optical properties [23]. Together with interpolation
routines the optical properties for an arbitrary ray can then be determined.

A second method applies the system Jones matrix M representing the effective
optical retarder properties to determine the values of birefringence, orientation,
and ellipticity for a grid of rays. In some optical design software stress birefrin-
gence interferogram files may be derived from the birefringence and orientation
values [24].

As regards optical software such as CODE V, Refs. [25, 26] provide some exam-
ples of computing optical errors due to mechanical stress using stress birefrin-
gence interferogram files.

264
Thermo-optic Analysis

A further analysis concerns the investigation of the change in optical performance
caused by the thermo-optic effect, i.e., the change of refraction index due to a
change in temperature. Here, the governing material parameter is the thermo-
optic coefficient dn/dT. It has to be noted that, depending on the application,
either the relative or the absolute value must be applied [23].

Changes in the refractive index of an optical material lead to differences in the
optical path length (OPD), and therefore to wavefront errors. To evaluate this
effect a thermo-optic finite element model has to be built up. With this technique
for complex temperature profiles OPD maps of an optical element can be com-
puted. According to Genberg [22] such a model is realized by modifying the mate-
rial properties and boundary conditions of a three-dimensional finite element
model of the optical element. In order to decouple in-plane and out-of-plane
effects the following replacements and changes concerning material properties
have then to be performed:

e CTE — thermo-optic coefficient, dn/dT
e Young’s modulus — E=1

e shear modulus - G=0

e Poisson ratio - v=0.
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As boundary conditions, Genberg proposes to constrain the nodes of the front
surface concerning translation and to constrain the remaining nodes normal to
the optical axis. The load vector here is the temperature field. The resulting dis-
placement profile at the rear surface corresponds to the OPD map for an entering
wavefront. Similar to the techniques described before, fitting the OPD map by
Zernike polynomials will then allow one to quantify, for example, the resulting
WEFE.

2.6.5
Moisture Absorption Analysis

According to Doyle et al. [23] dimensional changes in plastic optics due to mois-
ture absorption can be simulated by a thermal-to-moisture analogy, where thermal
modeling tools may be used to compute the moisture concentration. The follow-
ing parameters of the thermal model are replaced by the corresponding parame-
ters of the moisture diffusion model:

e temperature, T — moisture concentration, C

e thermal conductivity, k — moisture diffusivity, D,

e temperature gradient, dT/dx — moisture gradient, dC/dx
e thermal flux, @, — moisture flow, .

For a known moisture concentration, dimensional changes are computed, per-
forming a thermoelastic analysis, where the parameters become:

e CTE - CME
e thermal load, T — moisture concentration, C.

2.6.6
Mold Flow Analysis

Mold flow finite element techniques allow the simulation of the plastic injection
molding process. This aids in ensuring the quality and efficiency of the injection
molding process. The simulation is usually conducted during the product design
stage or the early stages of the tool design, and helps to reduce or eliminate many
of the problems associated with commissioning an injection mold, before con-
struction and major investment in the mold has even begun. The processing char-
acteristics of the plastic injection mold are investigated during the course of the
mold flow simulation allowing optimization of the part and mold design by
adjusting areas such as gate positions, wall thickness, and cooling parameters.
The results of such a mold flow analysis can be used as a database for the analysis
techniques described above.
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3
Tooling for Injection Molded Optics

Thomas Bauer (Sections 3.1-3.4) (Jenoptik Polymer Systems GmbH, Triptis, Germany)
Dieter Marschall (Section 3.5) (Precitech Ultra Precision Technology, Haundorf, Germany)

3.1
Introduction

A high-quality injection mold is obviously essential for precise plastic optic parts.
Parts can never be better than the tool; however, good tooling does not guarantee
good parts. A thorough understanding of the whole manufacturing process is
essential to produce precision plastic optical components [1, 2].

Figure 3.1 Injection mold.

In the production process the mold is as essential as the molding machine itself
— and often costs as much. The main factors affecting a mold’s price and lead
time are

e choice of material for mold and optical inserts;
e number of cavities and expected production volumes and product life time; and
e part size and complexity, texture of surface finish, accuracy needed.

Handbook of Plastic Optics. Second Edition. Stefan Biumer (Ed.)
Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-40940-2
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3.2
Principles

Mold design is a diverse and complicated subject. However, it is essential to
understand basic design features and construction rules of injection mold tools.

3.2.1
Main Parts of an Injection Mold

In general an injection mold consists of two halves commonly referred to as the
moving (core) half and the fixed (hot or cavity) half. The injection-side platen next
to the nozzle is stationary while the other half moves for clamping and product
release (fixed to the ejector-side platen and the mold-ejection mechanism). The
melt material flows through the nozzles into the mold cavities.

Heating elements Cooling ducts Feed Hopper

Product Sprue Nozzle Thermoplastic Granulate Computer Control

f ” \
\ Barrel Heaters
‘ 4 T T
Mold Opening \ Plasticising Screw Reciprocating
Moving Stroke ‘Hot’ or Stationary Screw drive
Mold Half Mold Half

Figure 3.2 Injection molding machine.

Figure 3.3 Side view,
closed mold.
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A )

\

Figure 3.4 Nozzle side view in perspective.

At the end of a molding cycle the moving mold half moves back, pulling the
product out of the stationary mold half. Guide pins and taper locks ensure proper
alignment of the mold halves. An ejection system is built in at the end of the platen
stroke to push the molded parts off the moving mold half so that they can easily
be taken off the machine either manually or by an automatic collection system.

Riser (spacer) Core Plate Cavity Plate

Ejector set guide Cooll
in/bush ooling
¢ ) —~ Channels
Ejector Pin~ Ilig:ating
i
Ejector Bar g
(hydraulic actuation)
Sprue
Sprue Bush
Ejector Set—"|

Backing PIate/ I

Guide Pi
Backing Plate Gﬂ:dz B:Tsh

Backing Plate

Figure 3.5 Detailed sectional view.

37



38

3 Tooling for Injection Molded Optics

Starting from the injection side, a location ring is fitted to the back of the rear
backing plate. It locates and guides the mold into the fixed platen. A sprue bush is
positioned through the locating ring. The sprue bush is profiled with a radius to
match up with the injection unit nozzle so that material can be directly trans-
ferred from the injection unit through to the mold cavity. In the case of a single-
cavity mold, the sprue may feed directly onto the component; in the case of a
multi-cavity mold, the sprue feeds onto a runner system machined into the tool
face that acts as a transfer system to the cavity for the molten material [3].

The sprue and the cavity form in the mold the component shapes. These may
be machined directly into solid steel plates. More common for optical components
are separately made inserts which may be subsequently fitted to the core and cav-
ity supporting plates.

Many different types of gating may be used to connect the runner system to the
mold cavities. Typically gates are preferably as small as possible in order to mini-
mize the potential “witness” mark on the component.

Cooling channels are machined into the core and cavity plates in order to
remove the process heat from the tool. The complete tool is held together with a

Nozzle

/Sprue Stationary Mold
Half

———
\ / Moving Mold
Cavity Half

Cavity

\ Runner

Gate

Figure 3.6 Schematic representation of melt delivery system in a two-cavity mold.
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system of spacer blocks and bolster and backing plates such that it may be bolted
directly to the machine platens and is completely rigid and able to resist injection
forces.

3.22
Gate and Runner Design for Optical Molded Parts

Injection molds for optical parts often have relatively massive gate cross-sections
(Figure 3.7). For molding precise plastic optical components it is essential to apply
pressure into the mold during cooling of the melt until the gate freezes off.

To avoid shrink marks and voids, especially during the production of lenses and
prisms, the material shrinkage (some percentage of the melting in a firm condi-
tion) needs to be balanced by injection of additional material during the cooling
period. The diameter of the runner needs to be of a sufficient size to prevent the
sprue from freezing too early.

The edges of the injection molding parts should not be too thin, since there
needs to be enough space for the gate. This should be at least three-quarters of the
edge thickness. The edges of the gates are rounded off to avoid flow lines. The
form has to be fed slowly and the sprue channels should be preferably short.

Figure 3.7 View of gating channels of a two-cavity lens mold.

3.2.3
Hot and Cold Runner Molds

A runner is the channel in the mold that conveys the plastic from the barrel of the
injection molding machine to the part (Figure 3.6). There are two main types of
injection molds: cold runner and hot runner molds.
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3.2.3.1 Cold Runner

In a cold runner mold, the runner is cooled and ejected with the part. For every
cycle, a part and a runner are molded. The obvious disadvantage of this system is
the necessity to separate the runner from the part by an additional sawing,
milling, or mechanical, thermal, or ultrasonic cutting step. For optical parts with
high demands of melt purity the runners are normally disposed of and there is a
substantial waste of plastic [4].

Despite these disadvantages, there are many significant advantages to using a
cold runner mold. The mold design is simple and much cheaper than a hot run-
ner system. Above all a cold runner allows the application of a post-pressure to
the cavity. This will prevent the optical shape from deforming during cooling and
shrinking of the part and leads to more precise optical shapes.

3.2.3.2 Hot Runner

In a hot runner mold, the runner is situated internally in the mold and kept at a
temperature above the melting point of the plastic. The major disadvantage of a
hot runner is that it is much more expensive than a cold runner. It requires costly
maintenance and more skill to operate [5].

Hot runners have many advantages. They can completely eliminate runner
scrap, so there are no runners to be separated from the parts. Hot runners are
popular for high volume application, especially for multi-cavity tools with moder-
ate accuracy demands and small part size.

324
Ejector Design

The most common ejector designs are ejector pins (round, flat, etc.), ejector tubes,
and ejector plates. Ejector pins are reasonably easy to install; ejector tubes have

Figure 3.8 Package of flat and round ejector pins for a two-cavity lens mold (core half).
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the advantage of enabling good ventilation for circular parts; ejector plates can be
effective over large surface areas.

Figure 3.8 shows several hardened pins used to eject a two-cavity molded lens at
the edge. The ejector pins are fixed into the rear ejector plate which is connected
to a hydraulic actuator behind the moving platen.

Smaller optical parts can also be ejected over the whole optical insert, especially
if no edge area is available.

3.25
Heating and Cooling

As thermoplastic products have to cool before the mold can be opened, water or
oil cooling systems are incorporated in the mold design. Heating and cooling
mechanisms guarantee a homogeneous temperature distribution over the cavity
surface.

The ideal tempering of the tool defines considerably the cooling time and with
it also the cycle time. It has a great influence on the distortion incline, dimen-
sional accuracy, and with that also an influence on the quality of the injection
molded parts.

Several microstructured parts (e.g., gratings, diffractive structures, moth-eye
structures) sometimes have to be cooled or heated in a certain precise controlled
regime during the molding cycle to guarantee exact structure replication. These
so-called variotherm molding systems may have to incorporate separate heating
and cooling equipment.

Cooling channels should pass as close as possible to the cavity surface and
should be located close together. Cooling should be given priority over ejector sets
during mold design.

The temperature difference between inflow and outflow should not exceed 5°C
(1°C for high-precision parts). Cooling time generally dominates cycle time — and
as a result part price.
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Figure 3.9 Pressure and temperature history for an injection molded part.
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3.26
Mold Height, Opening Stroke, and Ventilation

The mold height actually means the thickness of the mold. Injection molding
machines are normally adjustable and can be adapted to several mold heights —
expressed in the machine specifications as the minimum and maximum mold
height.

The mold opening stroke (see Figure 3.2) is the distance that the moving mold
half slides from the mold closed to mold open position. Because the injection
molded part has to clear the mold and should have room to be removed from the
machine, the opening stroke must be greater than twice the mold height added by
the length of the sprue and possibly the room needed for automatic collection sys-
tems.

During filling of the mold the molten polymer has to replace air in the cavity as
quickly as possible. Locked air may prevent the perfect filling of the cavity. The
immense compression heats up the air, which can lead to combustion of the melt.
Sufficient ventilation can be achieved by selecting the right sprue position or addi-
tional separation joints, pins, or channels.

3.2.7
Number of Cavities

Production volume and precision required from a tool influence the selection of
mold materials, built-in maintenance features, and the optimum number of cav-
ities.

Single-cavity and multi-cavity molds from 2 to 8, 16, or even 32 cavities are used
for plastic optic parts. Typically single-cavity tools are used for prototype molds
and two- to four-cavity tools for production molds with medium production quan-
tities.

Figure 3.10 Multi-cavity
lens mold.
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Higher cavity numbers are associated with:

e high production volumes (parts per molding cycle);
e cost-sensitive mass production (low part price, automated production); and
e complex (and expensive) mold design, mold adjustment, and maintenance.

Lower cavity numbers are associated with:

e small and medium production volumes;
e high-precision parts (small differences between cavities); and
e robust mold design, lower mold price, faster mold manufacturing process.

The higher the cavity number the more difficult is it to achieve accurate and
similar parts from all cavities.

3.2.8
Consideration of Shrinkage

Thermoplastic shrink rates of most optical polymers lie in the range 0.2-1%. It is
important to compensate for material shrinkage in the mold design process.

Unfortunately it is often difficult to calculate exact shrink rates because of the
effects of component geometry and the unique molding process used for a part.
In such cases the molds are built with smaller dimensions than the nominal final
dimensions of the part. The process can be run, molded parts can be measured,
actual shrink rates can be calculated, and the tool can be optimized. With one ore
more optimization cycles a more precise level of optical shape tolerance can be
consistently maintained once the molding process has been established and
appropriate mechanical adjustments are completed [6].

3.29
Materials for Injection Molds

Molds are usually made from stainless steel, hardened tool steel, or a combination
of both. Steel qualities for injection molding tools in the optical field comply with
steel qualities for highly strained tools. The tool and the components have to with-
stand injection pressures of up to 900 bar (injection pressure in the cylinder).
Further strains are the cyclic clamping force of the injection molding machine,
flashings because of the polymer material, corrosion because of the required cool-
ing liquids, out-gassing of the melt, or the strain of maintenance, repair, and
cleaning.

Steels with good polishing properties and preferably few inclusions and voids
are used for optical polished and mirror finished tool inserts. Through-hardened
steels for increased bear resistance as well as hardness and toughness are used for
components with increased strain (such as sprue bushes) [7].

As already mentioned, mold tempering has a great influence on cycle time and part
quality. Non-ferrous metals such as copper, cobalt-beryllium, copper—chrome-zirco-
nium, and others are used to improve the heat conductivity of the mold partitions.
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3.2.9.1 Coatings

Coatings of components in the injection mold are used for quite different require-
ments. A coating can, for example, avoid the cold welding of metallic friction part-
ners. Coatings may also increase the ease of separation of injection molded parts
from steel surfaces. Furthermore, they can be used as wear indicators, corrosion
protection, or scratch protection of a polished surface.

All steel types for manufacturing injection molds can be coated on condition
that the surface to be coated is metallic bright, or ground, or polished. The layer
has a thickness of only some thousandths of a millimeter and reproduces the
ground surface exactly. Absolute cleanness is the first priority to avoid coating
errors.

In addition to the well-known thermochemical (nitration) and galvanic (hard
chrome plating, nickel plating) procedures, processes of thin layer metallurgy
such as CVD (chemical vapor deposition) and PVD (physical vapor deposition) are
used. For injection molds PVD coatings have become accepted. The coating is
done below the starting temperature of many tool steels which avoids loss of hard-
ness. The risk of distortion and dimensional changes is very low, as the coating is
done after the treatment.

Additionally, TiN (titanium nitride) coatings are used to achieve longer tool life-
times, less undesirable cavity surface films, and better melt-filling and part-release
properties of the cavities.

3.2.10
Design Steps of Injection Molds for Plastic Optics

3.2.10.1 Diamond-Turned Prototypes

After designing a plastic optical system, lens prototypes can be made by direct dia-
mond point turning in various plastic materials. The best surface finishes can be
obtained with poly(methyl methacrylate) (PMMA). Materials such as polycarbo-
nate (PC), Pleximid, or cycloolefin polymer (COP) can be machined but do not
yield such smooth surface finishes as acrylic.

Because of the high manufacturing costs, diamond point turning is only recom-
mended for making a limited number of prototypes to verify functionality of the
optical design and to perform initial tests.

At this stage optical systems are normally assembled from single elements.
Housing parts often are made from aluminum. The resulting surface quality and
system performance cannot be a validation of the manufacturability by injection
molding.

3.2.10.2 Prototype Mold

To get reliable knowledge about molded parts, making a molded prototype from a
single-cavity prototype mold is recommended. This pre-production stage allows
checking of the manufacturing process and determining of the optimal molding
conditions.
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Optical and mechanical design can be verified with real molded components
and design revision is possible to give appropriate operating conditions.

Optical inserts at this stage often are made from non-ferrous materials like alu-
minum or various alloys like nickel silver or Ampcoloy (trademark of Ampco Met-
al Inc.). These materials can be machined directly by diamond point turning and
allow easy optimization of surface shapes. Often the prototype molds are used to
start limited production, since production tooling may take much more time.

3.2.10.3  Production Mold

After the tool has been initially sampled, the tool manufacturer makes mechanical
modifications to particular dimensions; the mold is usually designed to allow indi-
vidual cavities to be adjusted for thickness control.

For series production of high volumes, multi-cavity production molds are re-
quired. Depending on quality, volume, throughput, and cost the production tool
may have 2, 4, 8, or up to 32 cavities. The production molds function for at least
several hundreds of thousands of injection cycles.

3.2.10.4 Production Mold Optimization
Process optimization for a production mold has to include always reproducibility
tests. If a constant deviation from the target shape is reached, further compensa-
tion can be obtained by correction of the optical shape of the mold.

Figure 3.11 shows three optimization stages of the surface fit for a spherical
lens insert.

02 @

3.3
Molding Variations

Figure 3.11 Optimization steps (-1.5 to
1.5 pm scale — blue to red).

3.3.1
Two-Component Injection Molding

Molded parts consisting of different plastics (e.g., different colors) often are man-
ufactured by so-called more-component injection molding processes. This means
that in one molding cycle with only one machine and one tool more than one
function can be integrated in a part and assembling costs can be reduced.

In rotary table injection molding, for example, a number of different mold cav-
ities are mounted on the stationary half of the machine and a rotating mold with a
number of identical cavities is mounted on the moving platen. After the first
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injection the moving platen rotates, taking the part with it, so that on the second
injection a new element in a different material is added to the part.

All moldable polymers can be molded by more-component processes in princi-
ple. For optical parts the process is usually limited to two components; for exam-
ple, transparent lenses can be combined with black housing components.

Figure 3.12 Two-component injection molding. a) Step 1: molding of the frame
component; b) step 2: mold rotation; c) step 3: molding of the transparent component;
d) optical function.

332
Compression Molding

One of the earliest forms of plastic molding was compression molding. In this
method a fixed amount of plastic is placed in the lower half of a mold and heated
before the upper half of the mold is closed over the top of it. The mold remains
closed while the part cools and when it is taken off the excess material that seeps
between the two halves of the mold is removed.

This production method is still used for large-area flat parts like Fresnel lenses
and display windows, often in combination with microstructured surfaces [8].
Tools for compression molded Fresnel lenses can be produced using processes
such as diamond turning, laser writing, lithography, and e-beam writing. Master
tooling can be replicated using electroforming processes.
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Tooling costs are usually less than injection-mold costs. Relatively little material
is wasted (no sprue is required).

Specialized versions of compression processes are used to make DVDs and
laser disks.

333
Injection-Compression Molding (ICM)

Injection-compression molding combines injection molding with a compression
stage often under variothermal tempering conditions. The thermoplastic melt is
injected into the lightly opened tool with a simultaneous or following compres-
sion by an additional stamping stroke. This stoke can be applied by the machine
movement or an embossing stamp in the tool.

The advantages are short cycle times, high flow, and small cavity pressures.

Therefore, the process is excellent suitable for the fabrication of large-area opti-
cal parts with small thickness variations (significant decrease of birefringence)
and microstructured surfaces.

The mold must be designed or adapted to the ICM (vertical flash-face, female
mold/male, core compression concept). The molding machine requires an addi-
tional ICM controller.

334
Variothermal Injection Molding

In the variothermal molding cycle, the cavity wall temperature at first is increased
to a level between the glass transition and the melting temperature of the plastic.
The melts viscosity remains low during cavity filling. This improves the cavity fill-
ing. The required injection pressure and clamping force are reduced. This allows
a good surface replication for structures like gratings and other microstructures.
Cooling starts not until the cavity is filled equally.

Mold designs for variothermal processes always use classical liquid tempering
systems. For the temporary heating of the cavity walls, various additional heating
systems are implemented. Especially metallic or ceramic resistance heating ele-
ments are integrated. Other methods are heating by infrared radiation, induction,
or microwaves.

Variothermal tempering leads to improved structure replication and surface
quality of molded parts. Self-cleaning (lotus effect) and antireflective (moth eye
like) surface structures, micro- and nanostructures like channels and cell struc-
tures for micofluidic applications can be made by variothermal tempering.

The major disadvantages are the increase in tooling expense, need of peripheral
heating equipment, higher energy consumption, and an extension of the cycle
time.
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335
Micro-Injection Molding

Micro-injection molding is used for small parts in the mass range of 10 mg to 1 g.
The shot weight is very low and has to be adjusted very accurately to fill the small
cavity. Commercially available plastic granule grains weight approx. 20 to 30 mg.
Therefore, the material has to be homogenized very carefully during melt forma-
tion.

To minimize dwell time and melt volume, the injection unit combines a screw-
type plastication unit with an injection plunger and a melt volume monitoring.

To assure quality and productivity of a micro-injection molding machine, it typi-
cally includes integrated handling systems, cameras with image processing, and
clean room modules.

Both the molding machine setup and the mold have to be adapted to the small
part dimensions. Among the established precision tool engineering methods like
micro grinding, micro milling, and micro drilling new technologies are required.

Micro erosion techniques like electric discharge machining (EDM), LIGA (a
combination out of lithography, electroplating, and various replication techniques)
and laser conditioning methods are used to realize the mold inserts.

Micro-injection molds have small outer dimensions (10 cm edge length) and
filigree inner structures (see Figure 3.13). So a sensor-based active tool protection
system compares the effective clamping force with a control curve. Even minor
changes force the clamping unit to retard.

Figure 3.13 Micro-injection mold, typically part size.

3.3.6
Liquid Silicone Rubber (LSR) Injection Molding

Liquid silicone rubber (LSR) polymers are two-component mixtures belonging to
the group of high-temperature vulcanizing rubbers. One component has an inhi-
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bitor added to define the processing window; the other component contains a cata-
lyst. Vulcanization starts under the influence of the mold temperature, usually be-
tween 160 °C and 220 °C. The reaction is very fast with approximately 5 s/mm wall
thickness.

Molded LSR components are physiologically inconspicuous, unaffected by
weather and aging, high-temperature stable (continuous working temperature up
to 180°C) and can be made for optical applications with very high transparency
(up to 95%) and low haze. So the material is excellent for the manufacturing of
high-power LED lenses. They withstand the high operating temperatures (up to
150°C) and the high percentage of blue radiation.

Other important features of LSR materials are their low viscosity during pro-
cessing (perfect for microstructures), the short cycle times, very good release prop-
erties, and an almost waste free (sprue is not necessary) processing.

The low viscosity during processing makes design of the mold challenging. To
obtain flash free parts, extreme close tolerances are obligatory. Furthermore, it is
required to evacuate the cavities (made by additional vacuum pumps) to avoid
entrapped air.

34
Optical Mold Inserts

Typically the mold features that create the optical surfaces are fabricated as sepa-
rate inserts. The optical surfaces of the mold inserts are fabricated as negative
shapes of the final component surfaces — generally spherical, plano, or aspherical
shapes. Diffractive, conical, lenticular, and cylindrical surfaces are also generated
as inserts.

Optical inserts can be manufactured by steel polishing, galvanic replication of
certain structures, or single-point diamond turning (see Figure 3.14).

Figure 3.14 Optical mold inserts.
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3.4.1
Steel Polishing

3.41.1 Mirror Finish
Spherical and plano inserts are produced and polished to the same accuracy as
glass surfaces. They are generally fabricated from chromium-alloy stainless steel.

For optical surfaces the roughness needs to be approximately 10-20 times
smaller than light wavelengths. This means that for plastic optical components
that are typically used in the infrared and near-infrared regions the roughness has
to be better than 30 nm. In practice target values for the tool are about 5-10 nm.

A steel that has preferably few structural defects and an extremely fine and con-
sistent microstructure is preconditioned for this kind of surface quality. The steel
has to be prepared by an appropriate pre-treatment such as several re-melts in
ESU (electro slag re-melt process).

The steel inserts are hardened to a Rockwell C-hardness rating range of 50-54
prior to polishing. This degree of hardness is required to maintain a surface finish
that will not degrade under the heat and pressure of the molding cycle.

Polishing should be carried out in dust- and draught-free places. Hard dust particles
can easily contaminate the abrasive and ruin an almost finished surface. Each polish-
ing tool should be used for only one paste grade and kept in a dust-proof container.

3.4.1.2 Computer-Controlled Polishing

This process means numerically controlled diamond grinding. Unlike diamond
turning, this process can be used on ferrous metals such as stainless steel. It
yields inserts with surface accuracies close to but not as good as diamond-turned
inserts.

Continuing development work is being conducted in the areas of finishing and
polishing of aspheric steel inserts. Conical, cylindrical, and toroidal inserts can be
manufactured using grinding methods similar to those used to produce these
types of surfaces in glass. The surface quality and finish of these inserts typically
are poorer when compared with spherical steel inserts.

342
Galvanic Replication

Even small structures like gratings can be replicated by galvanic processes. A gal-
vanic replication of the grating original (e.g., made by holographic processes in a
photoresist layer on a glass substrate) is required for manufacturing an insert for
an injection molding tool. This process makes high demands on the chemical
resistance of the resist layer, its adhesion on the substrate, as well as on the pro-
cessing conditions.

A gold conductive starting layer is sputtered on the resist structure with a thick-
ness of approximately 100 nm. The galvanic process takes place with low current
densities to guarantee a microcrystalline deposition that is required for molding
of microstructured surfaces (see Figure 3.15).
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800.00 nw

Figure 3.15 Molded grating with 0.7 um grating constant (AFM image).

Due to the required minimal inner stress a nickel sulfamate electrolyte with a
highly surface-active agent is used. A very high positioning accuracy can be
achieved by the mutual manufacture of tool inserts and master retainer plate.

The galvanic molding is done directly into the mold insert to eliminate possible
residual stresses (see Figure 3.16).
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Figure 3.16 Tool insert manufacturing by galvanic replication.
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343
Diamond-Turning Technology

Aspheric inserts, for instance, are manufactured in two steps. In the first step a
best-fit curve is generated on a stainless steel substrate. The substrate is then sub-
jected to a nickel-plating process (electroless nickel) that deposits a thin layer of
nickel (up to 500 um). In the second step single-point diamond turning produces
the final aspheric or diffractive curve in the nickel (see Section 3.5).

Because the surface hardness of a nickel-plated insert is less than that of a
spherical steel insert, it will be more susceptible to scratches and cosmetic defects.

The diamond-turning process can produce inserts to very close surface deviation
tolerances, although it can leave residual grooving in the finish. Diamond-turned
inserts typically exhibit root mean square surface roughness values of less than
5nm.

3.4.4
Insert Quality and Molded Parts

Figures 3.17-3.19 show atomic force microscopy (AFM) images of machined tool
surfaces for mold inserts made from different materials [9]. All the structures
have a height of a few nanometers and an R, value of less than 5 nm and are all
suitable for optical applications.

a 50.0 pm 0 50.0 pm
Data type weight Data type #mp 1 tude
Z rangs 40,00 rm 2 range 9,400 v

Figure 3.17 AFM image; optical polished steel insert — R,=2.07 nm.
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a 50,0 pm 0 50.0 pm
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Figure 3.18 AFM image; nickel-coated steel insert, diamond turned — R,=2.33 nm.

a 50,0 pm 0 50.0 pm
Data type Height Data type &mp 11 cude
Z Fangs 40,00 rm 2 range 0,4000 v

Figure 3.19 AFM image; nickel-copper alloy insert, diamond turned — R,=3.72 nm.

Figure 3.20 compares the achievable surface roughness for different materials.
Polished steel and diamond-turned nickel on steel give the best results.

Figures 3.21 and 3.22 show the molding results of a polished steel insert (Figure
3.17) in PMMA and PC. All defect structures in a nanometer range are replicated
almost identically. This behavior is also shown by other polymers (Figure 3.23).
The observed differences reach a maximum of 0.5 nm. The replication of the sur-
face is almost perfect.
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Rq [nm]

Figure 3.20 Surface quality of different mold inserts.

a 50.0 pm 0 50.0 pm
Data type Height Data type #mp 1 tude
Z rangs 40,00 rm 2 range @, 3060 v

Figure 3.21 AFM image; PMMA replication of steel insert (Figure 3.17) - R,=2.13 nm.

a 50.0 pm 0 0.0 pm
Data type Height Data type amp 11 tude
Z rangs 40,00 rm 2 range a, 300 v
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Figure 3.22 AFM image; PC replication of steel insert (Figure 3.17) - R,=2.52 nm.
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Figure 3.23 Replication of a steel insert in different polymers.

3.5
Ultra-precision Machine Tools for Mold-Making

It has been the author’s experience that in many cases people hear about this tech-
nology, with impressive-sounding numbers on achievable accuracies for form and
surface finish, are very excited, but need to be informed about what it takes to get
there and where the limitations are. Although nowadays this is not a new technol-
ogy, having been around for over 30 years, it is still associated with notions like
“very expensive,” “just for scientists,” or “for laboratory use only.” In the past this
was quite true, but over the last decade the technology has gradually moved out of
its niche of exotic aeronautic, space, and defense applications towards consumer
markets. Because of this the total number of installed units worldwide has proba-
bly multiplied several times, from a view hundred in the early 1990s to probably
more then a thousand nowadays, depending what one defines as an ultra-preci-
sion (UP) machine tool.

3.5.1
Characteristics of an UP Machine Tool

Basically a machine tool consists of at least one linear slide and some kind of spin-
dle, both regulated by an appropriate “computer numeric control” (CNC). The lin-
ear slide must at least be equipped with a positioning feedback system for a closed
loop control system. In some cases, e.g., ruling processes, the spindle might not
be required, but we do not consider that case for now.

In order to fall into the category of an UP machine (state of the art), certain
minimum criteria must be met:

e Linear slide overall straightness error < 0.5 um (causes form errors).
e Linear slide sectional straightness error (any 25 mm) < 0.1 pm (causes waviness).
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e Linear positioning feedback system resolution < 10 nm.

e Fast CNC system, capable of handling the huge amount of feedback informa-
tion due to the high feedback resolution.

e Tool- or work-holding spindle with radial and axial error motion < 0.05 pm.

e Optimized drive motors for minimum energy consumption to avoid heat
sources.

¢ Athermal mounting of critical components (thermal expansion errors).

e Axis mounted on a solid platform, with very good damping characteristics
(mostly granite).

e Appropriate vibration insulations between platform and ground (causes extra
roughness).

352
Some Words about the Environment

In order use an UP machine tool to its full extent special attention should be

focused on the immediate environment. Ideally, such a machine should be placed

in a room where the floor never vibrates, the temperature never varies, and the

surrounding is noise-free. These perfect conditions may be hard to realize, but a

reasonable attempt to get close to them is desirable. Floor vibrations always seem

to be the biggest problem when deciding where to position a machine tool.
General considerations are:

e Whenever possible the tool should be sited in a basement and in a room that is
furthest away from heavy traffic.

¢ Consideration should be given to heavy vehicles entering the premises for load-
ing/unloading, even when it happens only once a day.

e The tool should be positioned away from any heavy machinery, like stamping or
punching machines.

e Facility traffic should be avoided, like forklift trucks or pump trucks setting or
lifting pallets.

 Banging doors or sources of low-frequency noise should be avoided.

353
Basic Process Features

The most distinctive feature of an UP application, which often is not understood
by conventional machinists, is the small amount of material to be removed. As
such, all blanks must be pre-machined to a precision level. Machine time is much
too valuable for wasting hours nagging off material. Typical removal rates of
0.01 mm for roughing and 0.002 mm for finish are indications of what is required
for good efficiency.

Expecting sub-micrometer accuracies from a machine tool can be justified only
if operators appreciate all the relevant factors in the process. Fixtures for the
blanks can be very critical, depending on size, form, and thickness. Maintaining
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machined accuracies after components have been taken out of the fixture can be
very difficult, especially when material thickness is small. Sometimes it can be
useful to machine extra surfaces on the component for better alignment in succes-
sive processes or unit assembly. If component size and shape are variable, as is
quite often the case in this technology, a universal vacuum chuck has been proven
as the best solution. As long as the blanks (or adapter plates for holding the
blanks) feature a flat lapped back surface, with sufficient area for establishing the
required vacuum force for holding, no jaw or membrane device is necessary.

354
Tooling for Precision

Compared to other tool materials, the single-crystal diamond tool has unique
characteristics:

e the highest possible hardness;

o low friction;

e high stiffness;

e good thermal conductivity; and

e atomic-level sharp edges are possible.

Depending on application requirements, the cutting edge of the tool can vary in
shape and size, within the physical limitations of the crystal (Figure 3.24). Usually
a radius-shaped and sharpened section of the diamond crystal represents the cut-
ting zone. This section is defined as the “tool sweep” and specified by an angle.
Any tool has more or less waviness superimposed on the nominal tool radius.
Depending on the process, this waviness is reflected in the generated surfaces
more or less by reducing form accuracies and surface finish. While in fly-cutting

Tool Shank

Diamond
Insert

Figure 3.24 Single-crystal diamond tool.
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processes the cutting point is stationary, in two-axis single-point diamond turning
(SPDT) operations this point moves along the tool sweep line. Since the tool
radius compensation (TRC) of the machine control assumes a perfect nominal
tool radius, tool errors (waviness) are more critical in two-axis SPDT. Since errors
introduced by tool waviness are rather consistent, compensation methods can be
applied.

3.5.5
Typical Machine Configurations

3.5.5.1 Single Axis

This configuration (Figure 3.25) consists of one linear slideway on which the com-
ponent resides. The cutting tool is mounted on the face of a spindle (just like a
single tooth), usually with a comparable large disc mounted on the spindle shaft.
The spindle height can be adjusted manually or via CNC for positioning only.
This is most appropriate for generating flat components, since the surface speed
of the tool is constant during the entire process. The common name for this pro-
cess is fly cutting.

Figure 3.25 Single-axis machine configuration.

3.5.5.2 Two-Axis SPDT

Two linear slideways (X and Z) are orientated perpendicular to each other, usually
forming a “T” with more or less offset allowing equal or unequal travel of either
side (Figure 3.26). One slide tabletop carries the work piece spindle and the other
the tooling plate. Featuring two CNC slideways, any rotationally symmetric shape
can be generated within the working envelope of the machine.



3.5 Ultra-precision Machine Tools for Mold-Making | 59

Figure 3.26 Two-axis SPDT machine
configuration.

3.5.5.3 Three-Axis SPDT

In addition to the two-axis version, the tool sits on a CNC turning table, usually
defined as the B-axis (Figure 3.27). The main purpose of this configuration is to
maintain the same angle between tool and work piece surface (normal) during
the entire process. This method is known as “tool normal cutting.” Unfortunately
the working envelope of same-sized machines is reduced and, due to greater tech-
nical effort, the machine price is significantly higher. Figure 3.28 shows the oper-
ating principle of this method. By means of the B-axis, the angle between the sur-
face and tool is held nearly constant over the entire contouring process. The X-
and Z-slide must be offset (X-move and Z-move) in real time to ensure correct
tool tip compensation.

Figure 3.27 Three-axis SPDT
machine configuration.
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Work Piece

Figure 3.28 Principle of tool normal cutting.

3.5.5.4 Off-Axis SPDT

Quite often it is not realized that the required form might be machined in an off-
axis set-up, by offsetting the components within the swing of the work-holding
spindle chuck, and using so-called “freeform machining methods” (see below), al-
though the form could also be machined on a two-axis lathe. Figure 3.29 shows
one typical example, in which the tool path is dominated by a radial X-move. Fig-
ure 3.30 shows another example, but with a predominant Z-move in the tool path.

Cut through
Diameter

Radial

Circular

S ——

Gy

~~ Figure 3.29 Principle of off-axis SPDT.

If the spindle rotates, the two components build a drum shape, on the inner
diameter of which the machining process takes place. The offset of the compo-
nent in the work-holding spindle chuck determines a concave radius (only a
radius is possible, of course) while in the other coordinate any shape can be
machined (e.g., aspherical). If the machining takes place on the outside of the
“drum,” convex radii can be machined in one coordinate. The size of these radii is
limited by the swing capacity of the machine.
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Figure 3.30 Off-axis machining of large molds. (Courtesy of Precitech Inc.)

3.5.5.5 Multi-Axis Freeform Operation

Raster Milling or Grinding

Three linear slides, configured as in Figure 3.31, form a typical platform for the
multi-axis configuration. Basically this consists of a two-axis SPDT set-up as in
Figure 3.26, but without the work piece spindle, where the vertical slide rides on
the X-slide tabletop. Typical applications with this configuration would be raster
milling or raster grinding, by mounting a vertically orientated tool-spindle on the
Y-slide and holding the components by means of an L-shape vacuum chuck on
the Z-slide tabletop, as shown in Figure 3.31.

Tool
Spindle

Component
X

Figure 3.31 Three-axis raster
machining configuration.
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Figure 3.32 Principle of raster machining.

The principle of the tool path is shown in Figure 3.32. Depending on compo-
nent size and vertical step width, the process time for generating freeform shapes
by raster methods may be as long as days. As such, thermal stability to a maxi-
mum 1 °C drift, over such a long time frame, becomes a real challenge.

End-Ball Milling

Additional CNC turning axes can be added to a three-linear-axis base (Figure 3.31)
in order to increase the amount of freedom. This could be the A- and B-axis, as
shown in Figure 3.33. A typical application for this kind of configuration would be
end-ball milling.

Figure 3.33 a) Five-axis end-ball milling set-up; b) detail of axes.

Tool tip compensation for this kind of application becomes very difficult. Avail-
able CNC systems cannot compensate as required; hence compensation must
already be implemented when generating the part program. This, of course,
makes part programming somewhat inflexible, because every time the tool
changes, another part program must be generated with the new tool data.
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Spiral Milling

If the surfaces to be machined represent a freeform in a sense of minor deviation
from a rotational symmetric shape, for instance a “toric” as shown in Figure 3.34,
a two-axis SPDT configuration (Figure 3.26) could be a more economical method.

Figure 3.34 Toroidal shape (squeezed ball).

Figure 3.35 Spiral tool path.

The work piece spindle must be designed as a C-axis and fully integrated in the
CNC system. As such, any X- and Z-slide movement is carried out in conjunction
with the angular position of the component on the C-axis. Typically this results in
a spiral tool path over the component surface (Figure 3.35). Depending on the
machine slide dynamics and surface requirements, a SPDT or milling operation
can be chosen for the cutting method.

Slow Tool and Fast Tool Servo Systems

If moving a tool axial (Z) and synchronous to angular (C) positions of the work
piece during the turning process, one refers to “tool servo” systems. In order to
cope with physical limitations given, two basic variations are known as slow tool
servo (STS) and fast tool servo (FTS). While in STS systems the entire slide table
carries out the Z-stroke, only the tool moves in FTS systems. By carrying much
less mass, FTS systems are much more dynamic and can be used to significantly
higher frequencies (kHz) than STS systems (Hz). Unfortunately the maximum
stroke of this kind of system is limited to less than one millimeter, depending on
design. While STS is more suitable for generating freeform geometries (as in
spiral milling), FTS is the choice when fine structures (Figure 3.36) have to be
machined in rotational symmetric contours (e.g., optical diffusion).
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Figure 3.36 Typical surface generated in fast tool
servo mode. (Courtesy of Precitech Inc.)

356
Material-Related Limitations

Typical diamond-turnable materials are: metals like aluminum alloys, copper, cop-
per—nickel alloys, brass, and electroless nickel; crystals like germanium, zinc sele-
nite, calcium fluoride, and silicon; and polymers like acrylics and PMA.

As has been discussed, the most accurate tool available is the single-crystal dia-
mond. Unfortunately not all materials can be machined with this type of tooling
(SPDT). Due to chemical reactions of all ferrous metals, causing excessive tool
wear, common materials for molding tools, such as hardened steel or steel alloys,
cannot be machined directly. A typical work-around would be to nickel plate the
steel substrate and generate the final form and finish in this material, which rep-
resents the hardest metal (ca. 550 HV) for SPDT. Because of its high phosphor
content (>10%), electroless nickel yields the best results for surface finish
(R,<5nm) and tool life. The nickel plating can be as thick as 0.2 mm, which
ample for the SPDT process. The quality of the coating (adhesion, purity) is of
great importance for good results.

3.5.6.1 Overcoming Material Limitations

If the material does not allow the use of a SPDT process, generating the contour
by a grinding process should be considered. By replacing the holder for the SPDT
tool with a vertical grinding spindle, the machine set-up is almost identical (Fig-
ures 3.37 and 3.38). As with the diamond-turning process, the position of the
grinding wheel in X-direction and height is very critical and therefore accurate
tool-setting and dressing (on the machine) is important. Once the grinding pro-
cess has been optimized, deterministic machining of hardened steel as well as
glass, quartz, ceramic, and many other crystals, close to diamond-turning quality,
becomes possible.
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Figure 3.37 Steel mold grinding set-up.
(Courtesy of Precitech Inc.)

Figure 3.38 Direct glass grinding set-up. (Courtesy of Precitech Inc.)
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4
Metrology of Injection Molded Optics

Stefan Béiumer (Philips Applied Technologies, Eindhoven, The Netherlands)

4.1
Introduction

All products have to go through a design—build—test cycle. Every single step in this
process is equally important. Only if all steps of the whole product development
cycle are filled in at a sufficient level, a quality product can emerge. Metrology is
an item that is often forgotten or filled in at a late stadium in the product develop-
ment cycle. In this chapter, an attempt is made to emphasize the importance of
metrology. It should also be stated in the beginning that metrology is more than
having a room full of measurement equipment and knowing how to use it.
Metrology is a discipline just like designing optics or molds! In order to perform
quality metrology, one needs to have a thorough understanding of the product
(and its function) and on the other hand be familiar with state-of-the-art measure-
ment technologies and equipment. Someone working in metrology needs to be
able to translate the relevant (optical) functions of a product into measurable
quantities. Most of the time, this is a learning process and requires some practical
experience that cannot be conveyed by written text. However, this chapter is an
attempt to support that process by giving an overview of the state-of-the-art
metrology techniques and equipment. Since it is still a very broad field, a selection
has been made. Guiding the selection are the special requirements of injection
molded optics.

For injection molded optics, there are several tasks in metrology.

First, the molding tool needs to be measured. This is usually dimensional
metrology for mold and mold base. Since these form the basis for many products
coming out of the tools, they need to be characterized to a very high accuracy.
Depending upon the products, submicron accuracy is required. Other parts that
usually need to be measured with very high precision are the insert pieces that
form the optical surfaces. These parts need to be better or at least as good as the
parts they will form. The advantage is that the molding tool together with the
insert needs to be measured only once (or after maintenance). Therefore, mea-
surement time is not so critical — accuracy is more of an issue. More elaborated
and time-consuming measurement methods can be applied.

Handbook of Plastic Optics. Second Edition. Stefan Biumer (Ed.)
Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-40940-2
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Then the molded products need to be characterized as well. Injection molding
is a mass production technology. Molded products usually run in high volumes.
Therefore, metrology for injection molding needs to be fit for mass production.
This can be achieved along various paths. A very first step is to set up a good
metrology plan. In the metrology plan, all critical dimensions and parameters are
listed. Then, depending on product function, tool design, process stability, mold-
ing conditions, etc., it has to be decided which parameters need to be measured
and how often. The two main approaches are to measure every single part manu-
factured or to rely on statistical process control (SPC). The choice is depending
upon the molder, his process, and sometimes also on the nature of the product
and/or customer. Security relevant parts probably need to be measured 100%,
while many other parts can perfectly well be manufactured using SPC. In any
case, a good metrology plan can save lots of effort in metrology and should always
be in place, preferably already during the design phase of the product. It should
also be quite evident that metrology equipment, which is released for mass pro-
duction, i.e., able to handle high volumes, should have been qualified by a suitable
R&R study (repeatability & reproducibility).

A subtlety in injection molding is that in many cases the dimensions of the
molding tool are slightly different than the ones of the product itself. The reason
for this lies in the shrinkage of the polymer material. Therefore, easy conclusions
between mold- and product dimensions are sometimes misleading or more com-
plex than at first sight. For a good metrology plan, the molder should have suffi-
cient knowledge and experience in the shrinkage behavior of the material being
used.

Another very specific factor for metrology of injection molding comes for one of
the big advantages of injection molding: integration of functions. For generic
parts, one usually can make use of generic metrology. An example is producing a
collimating lens for a CD or DVD optical pick-up unit. This kind of single lens
element can be characterized using a standard interferometer system. However if
more functions are added, such as beam splitting and shaping, metrology needs
to be more and more customized toward relevant functions of the part. Either one
plastic part has to pass several generic metrology instruments or a custom setup
has to be built. Metrology could be the price one has to pay for the advantage of
integrated functions in one product!

The ultimate challenge for metrology for injection-molded optics is the charac-
terization of (steep) aspheric surfaces. While traditional optical designs based
upon glass usually have got the freedom of material within mostly spherical sur-
faces, injection molding knows only a handful of materials but uses the freedom
of form for the designs. This is even more so, since ultra precision single point
diamond turning became readily available during the last years. Therefore many
plastic optics designs contain aspheric surfaces, some of them with steep slopes
and large deviations from sphericity.

In all the sections, the emphasis is on optical metrology. The main advantage of
optical metrology is that it is noncontact and usually fast. The noncontact feature
is a valuable asset in characterizing the inserts used in molding. This way they
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stay in their original shape and do not get touched (and possibly scratched) by any
probe. In optical metrology, there are several generic techniques available to char-
acterize high-precision optical parts. Good reviews of most of these techniques are
given in [1-3]. Furthermore, rich resources on various measurement principles
are the international standards published by ISO. For optical metrology, one of
the most important ones is ISO 10110 [4]. This standard covers many of the stan-
dard parameters that should be known for a particular optical component. Al-
though not referenced at each place in this chapter, the ISO 10110 standard forms
a basis for optical metrology.

It should also be pointed out that there is plenty of good literature on each and
single one of the metrology topics mentioned. It is not the aim of this chapter to
double these efforts. An attempt has been made to reference literature that zooms
in on the specific topics. The purpose of the current work is to put all these tech-
niques in perspective to injection-molding optics and to mass production, giving
the reader a guideline in which direction he or she might be able to find solutions
for the problems they are facing.

Capturing all previously described tasks in one chapter has been a true chal-
lenge. As a structure of the chapter, the following has been chosen. First a short
review on dimensional metrology is given. This type of metrology is essential for
mold and tool characterization. However for some optical surfaces, it can be used
as well. Next, surface metrology is described. Optical surfaces are most important
for all optical parts. Therefore, they need to be known to upmost precision. If opti-
cal components are characterized as a whole, the measurement of the transmitted
wavefront is often being used. Therefore, wavefront metrology is reviewed in
more detail. It should also be mentioned that wavefront metrology in some cases
can be used as well for surface characterization. A specific problem of injection-
molded optics is birefringence. An extra section is devoted to that problem.
Another specific item of injection-molded optics is centration. The optical part is
formed using two different mold parts, so the orientation of the two surfaces with
respect to each other is important. In injection-molded optics, aspheres are used
in many systems. In general, aspheres are more sensitive to tilt and decenter than
their spherical counterparts. This is another reason to cover methods for measur-
ing centration. The last section of this chapter is devoted to examples of custom
setups and high-speed metrology for mass production.

Before starting the actual review of various metrology technologies, Table 4.1
will give a short overview on typical specifications of injection-molded optics [5].
Metrology should be able to characterize the optical components to at least this
level.

A similar table is found in Chapter 2 and also published by Beich [6].

69



70

4 Metrology of Injection Molded Optics

Table4.1 Selected tolerances.

lens attribute normal tolerance tight tolerance extra tight tolerance

surface radius +1% +0.5% +0.3%

focal length +2% +1% £0.5%

lens thickness +0.03 mm +0.02 mm +0.015 mm

flange diameter +0.03 mm +0.02 mm £0.015 mm

surface wavefront aberration 60 nm RMS 30 nm RMS 15 nm RMS

(depending on steepness curve (NA) 300 nm PV 150 nm PV 75 nm PV

and degree of asphericity)

bubbles/inclusions/scratches 1x0.16 1x0.10 1x0.06
2x0.10 2x 0.06 2x0.04

4.2

Dimensional Metrology

Good optics always needs good mechanics. Having this idea in mind, a good opti-
cal system always needs to have not only a solid optical design but also a good
mechanical construction. For injection molding, this is even more the case since
all optical parts come out of a mechanical tool. Figure 4.1 shows the schematics of
a typical optical mold.

Figure 4.1 Schematic optical 4 cavity mold.

While designing the mold, the mold designer needs to have a couple of refer-
ence points and lines in mind. It is important to define these references in such a
way that they are accessible for metrology. That way the mold can be measured
and the results of the measurements can be directly compared to the drawings.
Also experience shows that it is of high value for tool and product if the metrology
points are physically present. Many times it happens that metrology lines are the-
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oretical references on the drawing. There they make perfect sense. However in
reality, such theoretical references have proven to be very impractical, because
they cannot be measured directly. In Figure 4.1, the metrology points are designed
along the process of closing the mold. First important reference points are the
four centering pins. The next step in centering is the cross in the middle and at
last the centering and alignment on the insert locations itself. All these three loca-
tions are used as metrology reference marks.

The main tool for this kind of measurement is a 3D coordinate measuring
machine (3D CMM). With this kind of machines, all geometric dimensions of a
part can be measured. While these machines form the backbone of dimensional
metrology and are already in place for many years, there are still recent develop-
ments to further increase the accuracy of these devices [7]. Many of these efforts
go into the direction of thermal management, compensation of Abbe error, and of
course even more sophisticated software. Good reviews on the use and capabilities
of the CMMs can be found in the literature [8, 9]. Depending on the measurement
volume, different kinds of accuracies in the three dimensions can be reached.
State-of-the-art standard equipment can measure in a volume of 400 mm x 400 mm x
400 mm with a resolution of 0.5um and an accuracy of about 4 um/mm stroke.
There are also high-precision machines available that perform even better than
this standard equipment, see for example [10, 11]. For smaller measurement vol-
umes, an ultra high precision CMM has been developed at Philips Applied Tech-
nologies. Figure 4.2 shows a photograph of the machine that measures in a mea-
surement volume of 100 mm x 100 mm x 40 mm (x, y, z) with a volumetric
machine uncertainty of 30 nm and a point-to-point position accuracy of 0.1 pm.

Besides the machine construction, the choice of probe plays a very important
role as well. On most CMMs, various probes reaching from mechanical to capaci-
tive probes can be mounted.

(@)

Figure 4.2 Philips Applied Technologies Isara; (a) machine total, (b) metrology chamber [12].
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3D CMMs can not only be used to measure molds and mold bases, but also
they can sometimes be very useful in profiling optical surfaces. Especially larger
lens surfaces, like for molded spectacle lenses, can be measured perfectly well
with such a 3D CMM.

4.3
Surface Metrology

4.3.1
General Concepts

Talking about (optical) metrology, a distinction can be made between surface
metrology and wavefront metrology. Surface metrology — as the name suggests —
is the accurate characterization of the optical surfaces. This is of upmost impor-
tance, since optical surfaces form the basis of all optical systems. Lenses are
formed of two optical surfaces, and in case of reflective optics all optical function-
ality is placed in one surface. For injection-molded optics, surface metrology has
yet got another dimension: since the optical surfaces are formed using a mold, all
optical inserts need to be characterized as well. Therefore, surface metrology is
very important.

Before reviewing some of the most common techniques of surface metrology, it
is important to understand that there are different types of surface domains that
have to be distinguished: surface figure or shape, surface finish, and surface wavi-
ness. These three domains are distinguished because of their spatial extend [13].
Surface figure is the general shape of the surface. With surface figure, long spatial
wavelengths are associated; it is measured over the entire product. For surface fig-
ure measurements, metrology tools do not need to have extreme spatial resolu-
tions. Surface finish is also called surface roughness. This is a surface parameter
that is determined over small length, usually 1 mm. In order to measure this pa-
rameter accurately, metrology should have very high spatial resolutions. The last
surface quality parameter is the so-called waviness. At the same time, in many
cases this is also the most difficult one to determine accurately. Figure 4.3 shows
the different contributions of shape, waviness, and roughness to the surface.

Waviness is a parameter that is relevant in the mid-spatial frequency region.
Therefore, metrology tools used for surface figure measurements would need a
higher spatial resolution to determine waviness and tools for roughness measure-
ments a larger range. In today’s metrology equipment, these two opposing
requirements are usually battled by introducing high-resolution cameras in imag-
ing metrology systems, and more sophisticated lengths scales in scanning sys-
tems. A good method for comparing and checking the performance of metrology
instruments is the so-called A-W diagram or Stedman diagram as it is called
sometimes as well [14, 15]. In this diagram, the log of the surface wavelength ver-
sus the log of the surface amplitude is plotted. An area in such a diagram depicts
the usable region of a metrology instrument.
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Figure 4.3 Different surface parameters: top profile, 2 shape only, 3 all parameters together
(blue line: profile; read line: waviness; green line: roughness), 4 (bottom) roughness only.

Yet another classification of metrology tools is to look at the way the data are
acquired: there are scanning systems that acquire measurement points in a
sequential mode, and there are imaging systems that take in data points in paral-
lel. Scanning type systems for surface metrology are systems where the sample
under test is mechanically moved with respect to a probe that measures the height
of the surface. The above-mentioned 3D CMMs are a perfect example of such a
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surface metrology application. Note that advanced CMMs can be used very well to
probe optical surfaces as well. Especially for larger surfaces, the application of a
CMM is a good idea. Usually these machines can handle larger volumes and for
some shapes the accuracy is sufficient. For smaller optical surface, a good x—y
scan stage can be used as well. If the stage is then equipped with an optical probe
that has got a sufficient height range/resolution for surface under test, optical sur-
face can be measured as well with good quality. As noncontact probes, chromatic
probes and so-called conoscopic probes have to be mentioned [16, 17].

Taking that basic idea a step further, a trend in optical surface metrology, espe-
cially for steeply curved surfaces and aspheres, is to use the basis of a CMM and
adopt it to the specific requirements of optical metrology [18]. In general, the
CMM base is used to provide an accurate global position of the probe with respect
to the surface under test, while the probe itself delivers high accurate surface pro-
file data, usually height data. In this way, best use is being made of global position
measurements, usually backed by displacement measuring interferometers
(DMI), and high-resolution local data off the probe. Some specific examples of
this more general principle are discussed in the following paragraphs.

4.3.2
NANOMEFOS

A recent development of a metrology system that is especially geared toward
measuring larger optical surfaces with extreme accuracy is the so-called NANO-
MEFOS (Nanometer Accuracy NOn-contact MEasurement of Freeform Optical
Surfaces) [19]. Although not a commercial product yet and in the first place geared
toward larger optical elements, the machine concept is such that it has got several
advantages over Cartesian scanning of most CMMs. Therefore, it is mentioned
here and maybe in the future a special machine that takes the subtleties of injec-
tion-molded optics into account will emerge, based upon this general concept.
Figure 4.4 shows the basic machine setup.

Figure 4.4 Machine concept of NANOMEFOS [20].
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The sample under test is rotated, while an optical probe is scanned across the
rotating sample (R- and Z-direction). The neat thing about this metrology setup is
that:

e It measures in a cylindrical system (R, ©, h), which is a lot better suited to
describe optical surfaces (who are very often manufactured using some turning
movement as well)

e The optical probe is placed in such a way that it is positioned as much as possi-
ble perpendicular to the surface under test

That way it is used under limited angles and distances, which intrinsically
increases the accuracy. One could say that by positioning the probe in this way, a
best-fit sphere is subtracted mechanically and the asphericity is measured locally
with the probe. In the current prototype, a differential confocal probe is applied
[21a].

The very high accuracy of the whole machine is then achieved by clever design
and engineering of the various subsystems and the overall architecture. The proto-
type machine achieved the following specifications:

e Sample under test, lateral dimensions: 500 mm x 100 mm, measurement
uncertainty of 30 nm in height, measurement time ~15 min.

A similar approach is realized in the Panasonic UA3P; however there the focus
is on rather small surfaces. And the probe used is an atomic force probe [21b].

433
Deflectometry

During the last years, developments in the area of deflectometry have taken place,
turning the deflectometer potentially into a very powerful metrology tool for not
only injection-molded optics. A deflectometer is a local slope sensor. One way of
implementing such a local slope sensor is to work with a single-point sensor. Fig-
ure 4.5 illustrates the operating principle. A small light bundle is sent onto the
surface under test. The light bundle is reflected and an optical angle senor mea-
sures the local deviation from the surface normal. If the light bundle is scanned
over the entire surface under test, a slope map of the surface under test is gener-
ated. By using a 2D detector, both slopes in the x- and y-direction can be recorded.
Using smart algorithms, the surface under test can be reconstructed by means of
integration [22, 23]. Also the intensity data of the returning measuring spot can be

Figure 4.5 Measurement principle of local slope.
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recorded. In some cases, this data can be used to identify erroneous measurement
points.

Using the deflectometer for characterizing injection-molded optics, in many
cases the challenge is to cope with large slopes. This can be achieved by applying
a similar device architecture as used in NANOMAFOS. Figure 4.6 depicts the
principle applied here. The deflectometer head is scanned along the best-fit
sphere, while the sample under test is rotating around its center. Applying this
configuration, a large portion of the slope range is taken out by the geometry of
the setup. The remaining slope measurement range has to be captured in the
design of the deflectometer head. The advantage of such a deflectometer is that
the lateral resolution of the device can be made very high. Furthermore, measure-
ments in the slope domain can usually handle steeper aspheres better than inter-
ferometers without compensation optics. In this respect, the Shack-Hartmann
sensor and the deflectometer are very similar.

Besides the large slope range that can be covered with the deflectometer, it is
very flexible. By moving the deflectometer head in the z-direction, the best-fit
sphere can be adjusted easily. Furthermore, both concave and convex surfaces can
be measured without any hardware changes.

/

Figure 4.6 Schematic setup of the deflectometer.

At Trioptics, feasibility studies of such a device are ongoing. Figure 4.7 shows
the layout of an industrial preprototype. For measurements of inserts, it has been
proven a very powerful tool. Measurement of plastic surfaces is under investiga-
tion.

Besides being a noncontact and fast technology, a big advantage is that deflect-
ometers can measure so-called free-form surfaces. Since the whole surface under
test is scanned during one measurement, it is possible to reconstruct free-form
surfaces. The integration algorithms are suitable to fit all data point together to
one continuous surface. Figure 4.8 shows a typical reconstruction of a toric form.
The deviation from the best-fit sphere is displayed.
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Figure 4.8 Typical deflectometer output, surface topography of a toric insert.
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An imaging version of the deflectometer has been implemented and industria-
lized as well [25]. This implementation is specially suited and geared toward fast
and precise measurement of spectacle lenses [26].

43.4
Tactile Profiling

The classical way of measuring surface profiles is using mechanical tactile instru-
ments. The most widely used and known one is the Form Talysurf of Taylor Hob-
son. The instrument was introduced first in 1984 and since then became an
industry standard in surface profiling. The Form Talysurf is a tactile sensor with a
very fine tip. The tip is brought in contact with the surface under test, and then
the surface is profiled along lines. This is done by scanning the tip across the sur-
face under test. Figure 4.9 illustrates the contact of the fine tip with the surface
under test.

Figure 4.9 Contact profiling (photo courtesy of Taylor Hobson Ltd. [27]).

The main advantage of this technology is that the surface is profiled in direct
contact, leaving no ambiguities on where the surface under test is. Furthermore
with this method, most free-form and aspheric surfaces can be handled. Fig-
ure 4.10 shows the example of an aspheric surface that is very difficult to measure
with optical metrology. This type of surface is quite common in recent designs for
camera modules for cell phone cameras.

One of the problems of measuring this type of surfaces is the changing curva-
ture of the surface and the fairly steep slopes. Therefore, an optical profiler would
have to have a considerable measurement range. The Talysurf can handle this
type of surfaces easily. Depending on the instrument, scans up to 200 mm in the
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Figure 4.10 W-shaped aspheric surface (vertical scale in micrometer).

lateral (x-) direction can be done. Using the newest model PGI 1240 (Figure 4.11),
the range in the z-direction is 12.5 mm. The sampling rate in the x-direction lies
between 0.125 and 1.0 pm (depending on the scan length) with and uncertainty of
0.3um + 0.03x scan length. The repeatability in height can be as good as 0.04 pm
at a resolution of 0.8 nm. Maximum slope angles that can be measured lie be-
tween +35°. As with many other instruments, also for the Form Talysurf proper
calibration of the system is the key. Over the years, Taylor Hobson has developed
sophisticated calibration routines that enable the instrument to perform at a high
level. Since this is a contact-probing instrument, both inserts and molded optical
components can be measured with this technique.

A new member in the Talysurf family is the PGI BLU [29]. This new instrument
was especially developed to cope with very high numerical aperture lenses as used

Figure 4.11 Form Talysurf PGI
1240 (photo courtesy of Taylor
Hobson Ltd. [28]).
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in BluRay technology and also in cell phone cameras. The main difference be-
tween this one and the PGI1240 is that the instrument is moving relative to the
part under test. By doing so, the actual probe can stay well within its measure-
ment and accuracy range, while sophisticated software puts the probe data and
mechanical scan data together to one continuous (aspheric) surface. Again, preci-
sion mechanical movements are combined with high accurate probes, giving
locally the required resolution. Figure 4.12 illustrates this principle.
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Figure 4.12 (a) PGl BLU.(b) Different measurement regions of an aspheric mold
(courtesy of Taylor Hobson Ltd [30]).

The main disadvantages of the Form Talysurf are the measurement speed and
the fact that during the measurement the surface under test is in contact with the
probe. Although the forces applied to the measurement tip are usually in the
millinewton range, traces of the measurement will be visible. For the injection-
molded lenses, this is usually not a problem, since in molding many lenses can
be produced. However, qualifying the inserts that are used for molding the optical
components is more critical. Figure 4.13 shows the intensity map of an optical
insert after mechanical profiling. The traces of the probe are clearly visible, as a
cross in diagonal direction. Although in absolute height they are only on the order
of a couple of nanometers, but they are present.

Another problem encountered when applying tactile probing is the measure-
ment of nonrotational symmetric surfaces. Tactile profiling is producing 2D scans
of a surface. If one wants to know the complete 3D form of the surface, the differ-
ent profiles have to be stitched together.

Up to now, the Talysurf-like instruments are still the standard for characterizing
optical surfaces that cannot be profiled in any other way, despite this disadvantage.
Also for all other surfaces, the Talysurf is a very useful instrument, provided one
has got the time for the measurement. In process control for a limited amount of
samples and for initial tool characterization, this is a very valid measurement
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Figure 4.13 Intensity image of a nickel surface.

option. For high-throughput applications, it is advisable to check the other options
mentioned.

4.4
Wavefront Metrology

4.4.1
General Concept

In wavefront metrology, a wavefront after interacting with a sample under test is
analyzed. In general, for wavefront metrology matrix detectors are used, and
hence 3D information is captured fast. The advantage of wavefront metrology is
that it can be used not only for surfaces but also for characterizing whole compo-
nents. In the latter case, optical parts are measured in transmission. Sometimes
that opens the way for a functional measurement, where pure surface metrology
could have been difficult. In some cases, the combined effect of two surfaces on a
wavefront might be less steep or complex than on one of the surfaces alone. This
is not only the power measuring the wavefront of components but also a point of
attention. When measuring the combined effect of two or more surfaces, it is not
always straightforward to single out the root cause of a potential defect. In order
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to do so, other means of inspection have to be utilized or simply experience of the
molder can help as well to pinpoint the surface with the largest defect. For quality
control of a production, transmissive interferometry or wavefornt sensing are very
useful techniques, since they measure the optical function of a part. Therefore
pass/fail criteria can easily be applied. Also only one measurement has to be done
instead of two surface measurements. In the following, interferometry and other
wavefront-sensing techniques will be explored. If not explicitly stated differently,
these metrology techniques can be applied to both surface and transmissive wave-
front measurements.

4.42
Interferometry

The most often applied technology for characterizing optical components is inter-
ferometry. During the past 30 years, huge advances in interferometry have been
made leveraging this measurement technique to an industry standard. In an inter-
ferometer, the wavefronts coming off a surface or traversing through an optical
element are measured. A very good review of interferometry as measurement
technology is given by Schwider [30]. For this chapter, it is important to review a
couple of basic properties of interferometry. Although interferometers are highly
accurate measurement instruments, the instrument itself does not guarantee per-
fect measurements. The boundary conditions, such as setup, handling, and opera-
tor knowledge, need to be at sufficient level as well [31].

In optical testing, most of the times so-called amplitude dividing interferometers
are being used. Fizeau-, Michelson-, and Twyman-Green interferometers are of this
kind. In the following, the Michelson configuration will be used for explanation. All
items can be easily converted to the other types mentioned. Figure 4.14 shows a sche-
matic drawing of a Michelson interferometer as a typical example of this kind.

Figure 4.14 Michelson interferometer.
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Light coming from a source is collimated, and then split into reference- and
measurement beam. The light entering into the reference arm of the interferome-
ter is reflected off the reference surface and sent back to the beam splitter. The
light in the measurement arm is reflected off the surface under test and passes
through the beamsplitter to recombine with the reference beam. The interference
pattern emerging after the recombination of measurement- and reference beam is
a coding of the phase difference between reference- and measurement beam.
Mathematically, this can be described as follows:

The incoming beam with amplitude E(x,y; 1)

E(x,y) = Eq(x,y) ==, (+.1)

with the phase ¢(x,y) of the beam, is split into measurement- and reference
beam, E,, E,.

E,(x,y;t) = Epu(x,y) e@ntr=ed (4.2)

E,(x,y;t) = Ey(x,y) eetp-on (4.3)

with E,, and E,, the amplitudes of the measurement- and reference beam, respec-
tively. After recombination, the two beams are added up coherently for the result-
ing interference beam.

Ei(x7y; t) — Eom(x Y) i(,, (x.y)—t) _|_ Eoy(x Y) i, (x,y)— wt) (4.4)
On the detector, the intensity I; of the interfering wave E; is recorded.

Ii(x7 Y t) = Ei(x7 Y t) E:(x7Y7 t) . (45)

After regrouping and taking into account that on the detector, a time-averaged
signal is recorded; the intensity on the detector is [12]

Ii(xv Y) = IOm(xv Y) + IOr(xv})) + 2 IOm(xvY)IOV(x7Y) COS(A@(xv})))’ (46)

with I, and I,, the intensities of the measurement and reference beams, respec-
tively, and

Ap(x,y) = @,(x,y) — @,(,7). (4.7)

The last equation is of great importance, since it shows clearly that all interfero-
metric measurements with these kinds of interferometers are relative measure-
ments. The measurement beam is compared with the reference beam. There are
several publications dealing with resulting accuracies of interferometric measure-
ments [30-32]. For the application of measuring injection-molded optics, one can
make use of the relative measurement by modifying the reference wavefront
accordingly. This will be covered later in this chapter, when metrology of aspheres
is discussed.

Going back to the basic setup of the Michelson interferometer, it is important to
not only understand how the interference pattern is generated but also where it is
located. Looking at the setup of Figure 4.14, starting right behind the beamsplitter
interference patterns can be observed. However in order to perform a meaningful
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measurement, the interference pattern needs to be mapped onto the sample
under test. Therefore, besides having generated the interference pattern, an image
of the exit pupil of the system under test should be created at the detector: the
fringes have to be localized. Only if there is proper localization of the fringes, the
interferogram can be interpreted correctly. In fact, the phase in the exit pupil of
the system under test is imaged onto the detector and coded in the interference
pattern. This is to keep in mind while an attempt is made to build an interferome-
ter from scratch. Most commercially available interferometers are designed care-
fully and the proper imaging of the sample under test can be achieved. Com-
monly CCD cameras are used as detectors in modern interferometers. They offer
the advantage of low noise, high sensitivity, high sampling, and fast data acquisi-
tion. Depending on the type and the features of the interferometer, cameras rang-
ing from VGA - chip size up to several megapixels — chips can be bought. Inter-
pretation of the interferogram is done by modern software using various kinds of
phase shift algorithms for interferogram analysis [33]. Once the wavefront is
reconstructed from the raw interference data, several display options for the data
are available. These options depend largely on the used interferogram analysis
package. However, the following analysis items are standard for all interferogram
analysis software: RMS wavefront error, PV wavefront error, cross-section through
the wavefront (2D profile), 3D wavefront map, and Zernike coefficient analysis.
All these items serve their specific purpose in characterizing the quality of partic-
ular optical components.

In daily practice of quality control of injection-molded optics, interferometers
can be used in several different configurations. In the following, the basic config-
urations will be explained using the Michelson type interferometer as an example.
In most of the cases, a flat reference mirror will be used. Therefore, the measure-
ment beam needs to be configured such that before entering the beamsplitter
for recombination with the reference beam, a more or less plane wavefront should
be generated. Figure4.15 shows some common interferometer configuration
schemes for the measurement arm of the interferometer.

e Flat surfaces: If flat surfaces need to be tested, the basic configuration is given in
Figure 4.15(a). The sample under test is placed in the interferometer and after
proper alignment surface shape can be measured.

o Curved surfaces: If a curved surface needs to be inspected, an auxiliary high-qual-
ity objective is inserted in the measurement path in order to generate a spheri-
cal wavefront that is reflected off the curved surface. For curved surfaces, the
focus of the auxiliary lens is made to coincide with the center of curvature of
the sample under test. In this configuration, one can measure concave and con-
vex optical elements, see Figures 4.15(b) and (c).

e Optical components in transmission: For testing optical components in transmis-
sion (i.e., lenses), the lens under test (LUT) is placed in the measurement arm
of the interferometer. Now a spherical reference mirror is placed as an addi-
tional component. In fact, this configuration is identical to the configuration in
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Figure 4.15 Different interferometer configurations.

curved surfaces with the difference that now the lens is tested and the auxiliary
mirror is known.

As with the reference mirror, whenever auxiliary optics are used in measure-
ment- and/or probe beam, these auxiliary elements need to be either of such a
quality that they do not significantly influence the measurement or their effect
has to be taken out by means of calibration. In most practical cases, certified
spherical reference mirrors are used. Also most state-of-the-art interferogram
analysis software does have the capability of subtracting a stored wavefront from
the measured data. One way of using this feature is to perform a measurement
using calibrated reference objects in place of the system under test. This way the
system-signature can be determined and subtracted.

Besides localization of the fringes, proper alignment of the sample under test is
another very important issue for measuring with an interferometer. In all ampli-
tude dividing interferometers, the sample is a part of the device. Therefore, the
alignment of the sample plays a key role in the accuracy of the measurement. In
this respect, one should make use of the big advantage of injection-molded optics:
it is easily possible to design into the product reference- and alignment marks. In
the following example, a flat reference ring is designed around the clear aperture
of the lens. The reference ring is diamond turned together with the optical clear
aperture. Thus there is an accurate relation between reference ring and optical
clear aperture. The sample is aligned such that the tilt of the reference ring of the
lens is minimized with respect to the incoming beam. In Figure 4.16, the large
ring with almost no fringes is the reference ring. The small zone in the center
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Figure 4.16 Interferogram of a lens with refer-
ence ring.

represents the center of the asphere under test. Although in this example the
complete clear aperture cannot be measured, the principle is clear.

Furthermore, the reference ring can be used for the definition of the center of
the clear aperture. If the lens is aligned free of tilt using the reference ring, it is
possible to indirectly measure decentration. If the lens surfaces are decentered
with respect to each other, there will be a coma in the interferogram. The magni-
tude of the coma is directly related to decentration. Figure 4.17 shows the geome-
try of a decentered lens.

Figure 4.17 Lens geometry, nominal and decentered.

In case the lens is not aligned tilt free, coma can be compensated by the setup.
This can be done by aligning the optical axis of the lens with the axis of the inter-
ferometer. The resulting interferogram will give a distorted image of the lens per-
formance. The following series of interferograms will illustrate the effect of tilt,
decenter, and coma in an interferogram.

In Figure 4.18, the left interferogram represents the nominal lens. In the mid-
dle interferogram, the lens surfaces are decentered by 20 um with respect to each
other; coma is clearly visible. In the right interferogram, most of the coma is com-
pensated by tilting the lens in the interferometer.
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Figure 4.18 Interferogram: nominal, decenter of surface 1, tilted reference mirror.

443
Interferometer and Aspheres

Besides spherical wavefronts, an interferometer can also be used to measure weak
aspheres. When there are only modest deviations from sphericity, the interferom-
eter will provide an accurate quantification of the aspheres. The relevant param-
eter is slope of the asphere. Looking at the detector used in the interferometer and
the lateral resolution given by the imaging system in the interferometer, the
Nyquist criterion of sampling should always be fulfilled. From that we can derive
that at least one interferometric line should be sampled by 2 pixel. Translating
this into slope of the wavefront under test, the optical path difference (OPD)
sampled by 4 pixel should be always less than 4/4 (one dark and one white fringe
in a double pass configuration).

In the previous discussion, it was always assumed that the sample under test is
ultimately compared with a flat reference surface. In case of a reflecting surface,
an ideal (calibrated) lens is used to transform the wavefront that needs to be mea-
sured into a flat one (see Figure 4.15). If a lens should be measured, a spherical
reference mirror is used to perform this task. However if the LUT produces an
aspherical wavefront, there is the possibility to use a known aspherical mirror to
transform the wavefront back into a flat one. With this technique, it is possible to
extend the capabilities of standard interferometers beyond the usual capabilities.
Figure 4.19 shows the difference.

In Figure 4.19(a), a common spherical reference mirror is used. The large devia-
tion from sphericity of the wavefront under test causes strong deviations from the
common path on the return. Therefore, the wavefront can only be evaluated close
to the center. In Figure 4.19(b), the same lens with an aspherical reference mirror
is illustrated. Now the lens can be characterized up to the edge of the clear aper-
ture. The difference between the two situations can also be seen in the raytrace
diagram of both situations (Figures 4.20(a) and (b)). In case of the spherical refer-
ence mirror, there is a clear difference between the rays coming back into lens for
the second pass and the emerging rays. This huge path difference is the source of
the large fringe density at the edges and a large source of error. In case of an
aspherical reference mirror, this path difference (almost) vanishes. The attractive
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Figure 4.19 Difference between spherical (a) and aspherical (b) reference mirror.

feature for testing injection-molded aspheres in this way is that the injection
molding company needs to have access to aspherical tooling for the lens inserts
already. Therefore, supply of an aspherical reference mirror is not a problem.
Besides the obvious advantages of using aspherical reference mirrors, there are
a couple of issues that have to be addressed and considered. First, the reference
mirror should be verified and well known. At present, the only way of doing so is
by means of a tactile surface profiling, and by deflectometry (see Section 4.3).
Another point is that using the aspherical reference implies that the mechanical
construction of the measurement arm of the interferometer needs to be well
defined. Small differences in distance between the sample under test and the ref-
erence mirror can lead to nontrivial disturbances in the interferogram. Depending
upon the actual design, a variation of less than 20 um can be sufficient to lead to
vast misinterpretations of the interferogram. Also tilt of the reference mirror
needs to be controlled very tightly. One way of solving that problem is to include a
flat reference ring outside the aspherical mirror. If this reference ring is manufac-
tured (diamond turned) in the same setup of the machine, there is a well-defined

(@) (b)

Figure 4.20 Ray trace diagrams of spherical and aspherical reference mirror.
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correlation between the mirror surface and the ring. The ring can then be used to
align the aspherical reference mirror to be without tilt in the system (using the
interferometer itself).

4.4.4
Interferometry and Strong Aspheres

If the asphericity becomes even larger or an aspherical reference mirror cannot be
obtained, there is the possibility to introduce a synthetic compensation element, a
computer generated hologram (CGH). The CGH is a theoretically calculated dif-
fractive element that compensates the asphericity of the wavefront under test.
Sometimes combined with normal refracting elements, the CGH is mostly
applied in a null-configuration [34]. With a CGH in such a null-configuration, a
standard interferometer can be used to measure stronger aspheres. Figure 4.21
shows a typical configuration for such a CGH setup.

Figure 4.21 Schematic set up of a CGH interfe-
rometer configuration.

In one configuration, the light is passing through a strong asphere, and then
through the compensation CGH onto a spherical reference mirror. In the other
configuration, the lens is a spherical one while the mirror surface is the strong
asphere. In the first setup, molded lenses can be tested, while in the second one
inserts can be tested.

In terms of extending the capabilities of a standard interferometer, the same
considerations regarding optomechanical setup for the interferometer as in case
of the aspherical reference mirror have to be made. Also for the CGH approach, it
is true that setup tolerances are a lot tighter than that for a standard interferome-
ter. Luckily the major suppliers of CGHs put reference- and alignment marks on
their CGHs. This makes alignment of these elements a lot easier. A summary of
some other concerns using compensation optics for measuring aspheres can be
found in the literature [35-37].
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Another issue that goes together with CGHs has to be addressed as well. For
every different lens design, a new CGH needs to be fabricated. While for small
series of lenses this is quite costly and time consuming, for injection-molded
optics, CGHs are certainly a consideration. If large series of aspherical lenses at a
critical quality level have to be produced, the initial investment for a CGH setup
can easily be earned back. The one big advantage of the CHG in a null-test config-
uration is the fact that standard interferometers can be used. So in terms of capital
equipment, the investments are for the CGH and the knowledge in setup. Figure
4.22 shows such a real-life application of a CGH using a commercially available
Fisba interferometer.

Figure 4.22 Photo of the Fisba CGH technology (photo courtesy of Fisba Opik AG [38]).

A more elaborated view on measuring aspheric lenses and molding tools can be
found in the Fisba unew of June 2004 [39].

Since measuring aspheres is such a big challenge, new ideas are always coming
up and attempts are made to tackle the problem from different sides. Interferome-
try remains one of the principle tools to do so [37, 40].

One of the most interesting developments of the last years for using interferom-
eters for metrology of aspheres has been done by Zygo. The Zygo VeriFire asphere
instrument combines a state-of-the-art Fizeau interferometer with a DMI. As
explained earlier, the main problem of interferometers while measuring aspheres
is the high fringe density when deviating too much from the reference sphere.
However by moving the Fizeau interferometer relative to the sample under test,
in most cases a position can be found, in which the fringe density is small enough
to be resolved. Stepping through the asphere under test, the sample can be char-
acterized by several measurements at different positions. While the Fizeau Inter-
ferometer measures the optical surface and more specific the local curvature of
the surface, the relative displacement of the Fizeau interferometer with respect to
the probe is measured by the DMI. A thorough explanation of the idea and algo-
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Figure 4.23 Zygo VeriFire Asphere (photo cour-
tesy of Zygo [42]).
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Figure 4.24 Results of a measurement with the ZygoVeriFire Asphere.

rithm behind the instrument is given by Kuechel [41]. Figure 4.23 shows a picture
of the machine, and in Figure 4.24 a typical measurement of a plastic part is
shown.

On the left-hand side, the result of the measurement of an injection molded
lens surface is presented, while on the right-hand side the deviation from the
best-fit sphere is shown. The total sag of the lens was 600 um with a best-fit
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sphere of deviation of 2um. The interferometer shows a rest difference between
design and measurement of 0.32 um PV: a result that is within the expected toler-
ance range for this particular lens surface. For this measurement, seven different
zones were measured and evaluated. In this system, the accuracy of standard
interferometry is combined with the possibility to measure up to 10 pm deviation
from best-fit sphere. The only condition that is implied upon the surface under
test is that there is no change of sign in the curvature of the surface. The so-called
w-shape lens surfaces can only be measured within the center zone.

After elaborating on several methods and instruments to characterize aspheres,
a general comment on asphere metrology should be made: usually the result of
an asphere measurement is the deviation of the shape from design or from best-
fit sphere. Having said that it is evident, that asphere metrology always goes to-
gether with proper optical modeling and comparing measurement to design.
Sometimes the design data have to be analyzed before in order to determine the
proper setup of the metrology instrument. For example in the just described Zygo
Verifire application, the design data were considered in order to come to a first
estimate on how many measurement zones are needed. Also the metrology report
shows difference with respect to design. What has been said about the interferom-
eter is also true for the Shack-Hartmann sensors described later in this chapter.
Also their developments are ongoing to directly link the metrology instrument to
raytrace systems.

445
Double Pass-Single Pass Interferometers

All the configurations and examples so far discussed in this chapter are so-called
double pass configurations. The main advantage of the double pass configurations
is that they can be built very stable and compact. Furthermore they are readily
available. The vast majority of the commercial interferometers are double pass
interferometers (i.e., Fizeau or Twyman—Green type). Due to the fact that the light
passes twice through the component under test, these interferometers are very
sensitive to small aberrations. As soon as the aberrations (deviations from the
best-fit asphere) become large — as in the case of the already discussed aspheres —
this sensitivity advantage turns into a disadvantage. A solution would be the use
of a single pass interferometer configuration. A Mach—Zehnder type interferome-
ter would be such an interferometer. While successfully applied for testing micro-
lenses, not much usage for testing (aspherical) optical components has been
reported so far [43]. Maybe this is due to the fact that Shack—Hartmann wavefront
sensors are measuring in single pass configuration and are very accurate as well
[44].
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4.4.6
Automated Interferometry — Jenoptik Example

If all design considerations are taken carefully into account, fast and efficient
interferometric test setups can be built. A particular nice example has been real-
ized at Jenoptik Polymer Systems (Jenoptik PS). The interferometer technology
was supplied by Fisba Optik, and automation and handling was carried out by
Jenoptik PS. Figure 4.25 shows an automated interferometric setup for testing
weak aspherical optical components. The lenses under test are placed into the
setup. Then the lenses are rotated under the interferometer. Before each measure-
ment, the lenses are automatically aligned. This way misinterpretation due to
alignment is minimized. When the lens is aligned, the interferogram is taken and
evaluated. The data are stored on the PC.

Figure 4.25 Pictures Jenoptik PS setup (photo courtesy of Jenoptik PS [45]).

4.4.7
Microscope Interferometers

In the range of measurement equipment, one highly sophisticated device needs
to be mentioned as well: microscope interferometers. These devices are interfe-
rometers — mostly of the Mireau type — that are integrated into microscopes. In
these devices, the lateral resolution of a microscope is combined with the height
resolution of an interferometer. The microscope interferometers are especially
useful for measuring small details as in integrated optics and also for measuring
surface shape of these small optical parts. Surface roughness can be measured as
well using the microscope interferometers. The latest generation of these devices
is equipped with sophisticated scanning tables. Using white light illumination
and mechanical scanning in z, large height differences can be dealt with. In the
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evaluation software, the data are put together to one common height map. Fig-
ure 4.26 shows a typical setup of such an interferometer.

Besides measuring surface roughness, small aspheric lenses can be measured
as well. Since the interferometer uses stitching technology, ten possibly steeper
aspheres can be measured. The reason for this lies in the fact that by changing
the focus for each stitching field, optimal sampling for different regions of the
interferogram is achieved. Therefore, virtually more pixels are used for sampling
the interferogram. As an example, the lateral field of view of the Zygo NewView
7000 series lies between 0.05 and 21.9 mm, and the lateral resolution is between
0.36 and 9.5 um (depending on the objective, zoom lens, and camera used) [46a].
Height resolution can be as small as 0.1 nm. Various scan ranges for vertical scan-
ning are available.

It should be noted that the slope range of this microscope interferometer is lim-
ited as well. This is analog to the larger interferometers. Light reflecting off the
surface under test has to be captured by the microscope objective. Therefore the
numerical aperture of the objective poses one limit. If light is captured back and
in some regions of the interferogram the fringe density becomes too large; the
stitching capabilities can help to extend the measurement range in some cases.
Alternatives to these microscope interferometers are so-called confocal micro-
scopes. There a 3D surface profile is generated by vertically scanning the surface
under test and evaluating the focus at each position [46D].

Surface figure and texture can also be measured using tactile instruments. For
many years, this has been the standard in roughness measurement.

Figure 4.26 Microscope interferometer.
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4.4.8
Shack—Hartmann Sensors

Originally Hartmann designed this test method for testing large optical compo-
nents for astronomy. Later with the addition of Shack’s ideas, the Shack-Hart-
mann sensor was very often applied as wavefront sensor for active and adaptive
telescope systems. A good basic review of the Shack—Hartmann technology can be
found in the literature [47]. However in recent years, the Shack—-Hartmann wave-
front sensing technology has found its way back into optical testing of not only
injection-molded components and systems. The Shack-Hartmann technology is a
wavefront sensing technology, not an interferometric one. As such, the system
under test is not part of the sensors itself. Systems under test and wavefront sen-
sor are in first approximation separated from each other. Figure 4.27 shows a
schematic layout of a Shack—Hartmann sensor.

Figure 4.27 Schematic layout of the Shack-Hartmann sensor.

The wavefront that is to be analyzed enters the wavefront sensor. Subsequently
it is divided by microlenses into many small subapertures. The microlenses are
aligned with respect to the detector (usually CCD or CMOS camera) in such a way
that for a perfect plane wave they are focused on the detector. The resulting spot
pattern is a regular grid pattern of spots each one centered behind its microlens.
This regular grid pattern forms the reference for all subsequent measurements.

Once the wavefront that has to be analyzed falls onto the microlens array, each
microlens measures the local tilt of the wavefront across the aperture of that spe-
cific microlens. As a consequence of the local tilt, the spot on the detector deviates
from its central reference position. All these deviations are analyzed and used to
reconstruct the wavefront of the wave under test. Figure 4.28 shows the principle
of the local tilt together with the reference grid. From the difference between the
grid pattern in Figures 4.27 and 4.28, the wavefront distortion can be determined.
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Figure 4.28 Shack-Hartmann sensor with distorted wavefront.

In mathematical terms, the Shack—-Hartmann principle can be described as fol-
lows. A wavefront, W(x,y), entering the microlens array is focused on the detector.
The measured quantity is the deviation of the spot with respect to the reference
spot, Ax and Ay.

Ax = f qd\Zix) (4.8)
d
Ay =f qy, (4.9)

with fbeing the focal length of the microlens array and g a focus factor. Note that
since most of the time a Cartesian coordinate system at the detector is present
(i.e., CCD- or CMOS array) the wavefront is represented in Cartesian coordinates
as well. Looking at the earlier equations, it can be observed that the sensitivity of
the Shack-Hatrmann sensor depends largely on the focal length of the microlens
array. The longer the focal length, the larger the deviation Ax and Ay from their
reference positions. In other words with a long focal length, small deviation of the
wavefront, dW, can be measured. However there is a trade-off — if the lateral sam-
pling of the wavefront has to be small, microlenses with a small diameter have to
be selected. If these microlenses have got a long focal length, their numerical
aperture becomes very small. Consequently the spots are not sharply defined any-
more. It is very difficult to find the proper focal position and, therefore, make use
of the extra sensitivity. As in all optical measurement systems, a careful analysis
of the measurement setup with respect to the metrology task has to be done.
Besides choosing the proper microlenses for evaluating the wavefront under
test correctly, there are two important limits. The first one is regarding the local
tilt limit. The local tilt of the wavefront under test should always be such that the
spot of the microlens that samples these local slopes stays within the subaperture
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region on the detector. Only if this is the case, the spots can unambiguously be
referenced to the proper microlens and wavefront portion.

The second limit is the curvature limit, expressed by the focus factor, g. Suppose
the local wavefront is not only tilted but also curved. Besides the deviation in spot
position, there will be an increased spot size due to defocus. Summarizing condi-
tion (i), the spot does not deviate more than the equivalent size of the microlens
aperture, and condition (ii) the spot blur should also always stay within the micro-
lens aperture should always be met.

Figure 4.29 illustrates the two conditions. The upper and lower spots stay just
within the subaperture, while spot 3 is blurred due to a strong local curvature. If
these two conditions are violated, it will be very difficult to reference the actual
spots to their reference positions. If these two conditions are fulfilled, an unam-
biguous evaluation can be done. In certain cases, there are possibilities to extend
the range of the Shack-Hartmann sensor such that the measured spots do not
have to fall within the subaperture [48]. However the curvature limitation will
remain.

The advantage of Shack—Hartmann sensors for testing injection-molded compo-
nents is mainly in the scalable sensitivity for measuring (steep) aspheres. In most
commercial interferometers, the injection-molded component is part of the inter-
ferometer and will be measured in double pass. Therefore, it is a very sensitive
technique for measuring small aberrations. However for large deviations from the
reference sphere, there are the well-known problems. A Shack—-Hartmann sensor
is a wavefront sensor and analyzes the wavefront exiting the system under test. In
most cases, this is in single pass. Furthermore by choosing a suitable focal length
of the microlenses, the sensitivity of the sensor can be adapted to cover most of
the required measurement range. Consequently aspheres with fairly large devia-
tions from the reference sphere can be characterized quite easily. Figure 4.30
shows the transmitted wavefront through an injection-molded system. If analyzed
by an interferometer, only about 70% of the wavefront can be evaluated. Using a
Shack—Hartmann sensor, more than 90% of the wavefront can be analyzed.

In order to fully exploit the potential of the Shack-Hartmann sensor, two issues
need to be considered: alignment and configuration. On both issues some

Figure 4.29 Local curvature limit of a Shack—-Hartmann sensor.
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Figure 4.30 Interferogram and Shack—Hartmann pattern of a steep asphere.

research has been carried out [49, 50]. In the subsequent section, some ideas on
configuration and alignment are added. In most published applications, the sys-
tem under test is configured such that it produces a collimated or nearly colli-
mated wavefront. This wavefront can subsequently be analyzed using the Shack—
Hartmann sensor. In some applications, the LUT produces a collimated beam
using only a small portion of the lens. In order to fully characterize these lenses, a
different configuration and auxiliary optics have to be used in order to generate
the flat wavefront for testing. Figure 4.31 illustrates the situation.

Figure 4.31(a) shows an LUT producing a collimated beam using only the center
portion of the lens. For injection-molded optics, the center part of a lens usually
comes out rather good. In many cases, the outer part of the clear aperture of a
lens shows larger aberrations. This is due to process parameters, mold release,
etc. Trying to test the molded optical system using the configuration on Figure
4.31(a) will leave just the critical outer parts of the lens undetected. Therefore, it is
more advisable to create an illumination with a higher numerical aperture, place
the LUT such that as much as possible of the lens surfaces is traversed by the
light. The exiting wavefront is slightly diverging and can be collimated using aux-
iliary optics. This way a larger portion of the lens can be tested — including the
more critical outer areas of the clear aperture. To a certain extent, this approach is

(@) (b)

Figure 4.31 Different lens configurations for Shack—Hartmann testing.
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very similar to the approach of testing optical components with compensating
optics in an interferometer. Also here the issue of calibration remains an impor-
tant one. Smart calibration strategies need to be employed in order to come to reli-
able results.

One necessary condition for good and reliable measurements is the mechanical
setup and alignment of the sensor. Besides software that — similar to interferome-
ter software — is able to subtract wavefront tilt and power, the setup should have
some calibration and alignment aids. In the setup depicted in Figure 4.32, an
additional autocollimation arm is added. Through this arm of the sensor, the sam-
ple under test can be aligned such that the tilt of the sample with respect to the
wavefront sensor is minimized.

Figure 4.32 Shack—Hartmann sensor system with alignment aid.

e

Figure 4.33 Shack-Hartmann system implementation (photo courtesy of Trioptics GmbH [24]).
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In the schematic setup displayed in Figure 4.32, it is also noteworthy that there is a
flexible illumination system. By changing lenses L1 and/or L2, the light can be offered
to the LUT in different forms, depending on the function of the lens. The telescope in
the detection arm guaranties that the wavefront under test is conditioned in a way
that it optimally fills the actual wavefront sensor. In Figure 4.33, commercial imple-
mentation of a Shack-Hartmann sensor with alignment aid is shown.

4.4.9
Other Wavefront Sensors — Shearing Interferometer

Besides the Shack-Hartmann sensor, there are several different kinds of wave-
front sensors. Among these sensors, the shearing interferometer is of particular
interest. In principle, the shearing interferometer works in a very similar way as
the Shack-Hartmann senor. The wavefront under test is sent into the interfero-
meter. In a lateral shearing interferometer, the wavefront is split and the two
wavefronts are laterally sheared with respect to each other. The resulting interfer-
ence pattern decodes the difference between the two wavefronts AW(x, y) into an
interferogram.

AW (x,y) = W(x—s,y) — W(x+s,y), (4.10)

with s being the shear, the displacement, of the two wavefronts with respect to
each other. The advantage of the shearing interferometer is that it is a wavefront
sensor with interferometric accuracy. Furthermore, if the instrument is designed
with a variable shear, the sensitivity of the instrument can be adapted. A large
shear can make even very small changes in the wavefront visible. The disadvan-
tage of the shearing interferometer is that in order to get the full wavefront infor-
mation on an arbitrary wavefront, two measurements have to be taken with or-
thogonal shear. As can be seen from Eq. (4.10), there is no information in the
interferogram perpendicular to the shear direction.

At Philips, a double grating shearing interferometer is used for testing injec-
tion-molded components of optical pick up units [51]. Figure 4.34 shows the prin-
ciple of this interferometer.

/N

Figure 4.34 Operating principle of the Philips double grating shearing interferometer.
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The wavefront under test is split into different diffraction orders by the first
grating. Then the second grating splits the wavefront in the different diffraction
orders once more. By choosing the appropriate gratings and the distances be-
tween the gratings, two different diffraction orders (+1 and —1) overlap and inter-
fere. For the measurement with orthogonal shear, the whole grating unit is
rotated 90°. Then a second measurement is taken. By moving the first grating per-
pendicular to the incoming light beam, phase shifting can be carried out. Using
appropriate algorithms, the wavefront can be reconstructed [52]. Figure 4.35
shows a photo of the rotating grating head of the Philips shearing interferometer.

Figure 4.35 Philips shearing interferometer, grating shear head.

4.5
Birefringence

During injection molding, the optical plastics undergo large pressure and temper-
ature changes. Due to the nature of this process and the properties of the material,
(stress)birefringence is induced into the optical component (see Chapter 5). Espe-
cially for applications where polarized light is used, birefringence influences the
performance of the part. Birefringence is an anisotropy in refractive index, show-
ing different indices of refraction along different orientations of the optical part.
Different polarizations experience different indices of refraction, depending upon
the orientation of the optical component with respect to the light source. Espe-
cially for laser sensor applications, this is a very undesirable effect, since the focal
position of such a sensor then depends upon orientation of the part — a nightmare
for high-volume assembly.

Therefore birefringence is one of the parameters that are important for injec-
tion-molded optics and need to be measured. There are several ways of measuring
birefringence, the most common one is to use polarization microscopy. Fig-
ure 4.36 shows the typical setup of a polarization microscope.
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Figure 4.36 Schematic setup of a polarization microscope [53].

In a common microscope with high-quality stress—strain free optics, two polar-
izers are introduced. The one in the illumination path is called the polarizer, and
the one in the imaging path is called the analyzer. During the initial setup, polar-
izer and analyzer are crossed, i.e., the resulting intensity in the image is zero. If
the birefringened specimen is introduced into the light path, the intensity in the
image will differ, depending upon the orientation of the sample under test with
respect to the polarized light. If so-called conoscopic illumination is applied, a typ-
ical image in the microscope looks like in Figure 4.37.

(@) (b)

Figure 4.37 Typical conoscopic illumination patterns, (a) uniaxial crystal, (b) biaxial.

The origin of this figure can be explained by interference. Figure 4.38 gives
schematic view of this illumination- and interference principle. In conocsopic illu-
mination, an image of the light source is created in the font focal plane of the con-
denser (2). Therefore, bundles of parallel light under different angles pass
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Figure 4.38 Schematic view of conoscopic illumination.
1, Polarizer; 2, first focal plane condenser; 3, condenser;
4, object; 5, objective; 6, rear focal plane objective; 7, analyzer.

through the object under test (4). In a conjugate plane to the condenser focal
plane, angle-dependent OPDs can be observed (6).

Behind the crossed polarizers (1, 7), the interference pattern can be observed.
The interference pattern is an indication of the axis of the optical material. Uniax-
ial materials show the pattern displayed in Figure 4.42 (a), where the main axis
corresponds with the main axis of the material. The concentric rings are an indi-
cation of the OPD. Many rings are equal to more OPDs. Therefore an optical com-
ponent with few rings has got little birefringence.

If this qualitative judgment is not sufficient, and measurements need to be
done, a compensator has to be inserted into the optical path of the microscope. A
compensator is usually a quartz plate with a particular geometry. Using the com-
pensator for quantitative measurements works as follows:

The sample under test is placed in the light path of the microscope with polariz-
er and analyzer crossed. Then the sample under test is rotated by a compensator-
depended amount. Usually this rotation is 45°. Then the compensator is used to
restore the initial intensity patterns as good as possible. This is done for both di-
rections of the compensator. The readings of the compensator can then be con-
verted to retardation by means of a chart. Figure 4.39 shows a sequence of such
images.

While this method is quantitative, it is still subjective, since the operator needs
to judge the position of the compensator. There are automated systems available
that can be placed as an addition — on to existing microscopes. With the aid of
automated compensation and image processing, the measurement of birefrin-
gence can be made a lot more repeatable and accurate. The range of about
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Figure 4.39 Sequence of birefringence images.

10nm/cm up to several hundred nm/cm is more than sufficient for injection
molding applications. For specification of birefringence, see ISO 10110-2 [4].

While automated birefringence measurement systems are in existence for quite
some time (optical disks, LCD industry), most of these are scanning systems. The
sample is mechanically scanned point by point and this way a polarization map of
the system under test is composed. Recently systems came into the marked,
where no mechanical scan is required. These systems fall into the category of im-
aging birefringence measurement systems. Figure 4.40 shows an example of such
a system.

A
.
_‘_ anahyzer

14 plate
. —
. polaresaton

light source

Figure 4.40 Birefringence metrology set up. (a) Principle of operation,
(b) industrial measurement equipment (Photo courtesy of Ilis[54]).

The systems work according to a Sénarmont compensation technique [55, 56].
Linearly polarized light is sent through the sample under test. Birefringence
causes the light to become elliptically polarized. By applying a quarter-wave plate,
the light is again linearly polarized and analyzed with a rotating analyzer. If the
detector is replaced by a matrix camera and images of the sample are taken at var-
ious positions of the analyzer, a complete laterally resolved polarization map of
the sample can be composed. Figure 4.41 shows an example of the birefringence
of an injection-molded lens.

It can clearly be seen that there is an increased amount of birefringence at the
gate of the lens, and a radial decrease of birefringence centered on the gate. These
kinds of images make it quite easy to visualize and understand what is going on
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Figure 4.41 False color visualization of birefringence in an
injection molded lens [54].

during the molding process. The standard equipment of Ilis can analyze surfaces
up to 100 mm with a lateral resolution of up to 0.14 mm. Repeatability of the bire-
fringence measurement is £0.1 nm and measurement time less than a minute.
As for other automated methods as well, with the shown instrument flat and
slightly curved samples can be measured. Steeply curved lenses require a different
approach, a more visual based one as described earlier.

4.6
Centration Measurement

Centration of an injection-molded lens is an important but difficult measurement.
As with most optomechanical measurements, the choice of the proper reference
is very important. Looking at the way injection-molded lenses are made, there are
two types of centrations that are important:

 Centration of the optical centers of the two surfaces of a lens with respect to
each other.

e Centration of optical center of the lens surfaces with respect to the outside di-
ameter of the lens.

Figure 4.40 illustrates the different parameters of centration.

Optically relevant is the so-called optical axis, the line connecting the centers of
curvature of the two lens surfaces. However in most practical cases, the optical
axis is somewhat offset with respect to a mechanical reference. Figure 4.42(b)
shows two examples: on the left-hand side the optical axis is tilted with respect to
the outer diameter of the lens. On the right-hand side, the example of one lens
surface being centered with respect to a cylindrical housing is displayed. This is a
common example that occurs when lenses are mounted in mechanical housings.
Exact definitions of centering tolerances can be found in ISO 10110-6 [4].

For injection-molded optics, the following items are of particular interest: the
centration of the optical insert. Since many inserts are being manufactured by sin-
gle point diamond turning (see Chapter 3), it needs to be checked if the center of
the optical surface coincides with the diamond turning axis. Usually this can be
seen while measuring the form of the insert, but a straight centration measure-
ment can be done as well. The second interesting question for injection-molded
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Figure 4.42 (a) Different parameters of lens geometry regarding centration of the
two optical surfaces. (b) Different types of reference systems.

lenses is how well do the optical surfaces align with the mechanical outside of the
lens or a particular flange. The difference between the two types of centration can
be explained by looking at the way lens tools usually are constructed (Chapter 3).

Another difficulty in measuring centration of injection-molded optics lies in the
fact that all injection-molded optical elements have got a sprue. Depending on the
design of the mold, the sprue is either an appendix to a circular diameter or
recessed a little bit such that it fits within the diameter of the lens. Since either
one of the sprue locations forms a deviation from a circle, the classical method of
measuring centration will not work. An adaptation of the classical centration
method for injection-molded lenses will be discussed further.

4.6.1
Optical Centration Measurement

The classical method of measuring centration of a lens is to shine a small laser
bundle onto the lens, rotate the lens over at least 180° back and forth, and observe
the movement of the reflected light spot. The same is true for using a larger light
bundle and then looking at the location of the focus generated by the surface
under test.

A more sophisticated and quantitative method is based upon an autocollimator
principle (Figure 4.43).
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Figure 4.43 Autocollimator setup for measuring centration [57].

A (cross hair) target is imaged onto the center of curvature of the lens surface
under test. Light is reflected back from the lens surface and forms an image on
the CCD detector. If now the surface under test is rotated around a vertical axis, a
displacement of the center of curvature from the rotation axis causes a circular
movement of the target image on the detector. The radius of the circle is directly
proportional to the decenter. If a lens should be measured, this method is first
carried out for the first surface and then for the second surface. Evaluating both
results will show the relative displacement of the centers of curvature of the two
optical surfaces between each other and with respect to the reference axis of rota-
tion. The quality of the rotation table is of essential influence on the measurement
accuracy. Figure 4.44 shows a typical centration measurement device, with a typi-
cal measurement result next to it.

However for measuring the centration of the injection-molded lens elements,
the above-described method needs a slight adaptation. The reason for this is the
already mentioned sprue, which makes a defined 360° turn impossible. Figure
4.45 illustrates the procedure. The lens is first placed in a V-groove with the sprue
part facing down, and then the lens is placed in the same V-groove with the sprue
part up (referenced to drawing plane). This is done in both positions of the lens.
From the difference, the centration is calculated. Through proper image analysis,
both direction and magnitude of the centration error can be determined. Using
high-precision air bearing for the rotation and vacuum chucks for the two posi-
tions, an accuracy of the measurement of about 1pum can be achieved with a
repeatability of about 0.2 um.
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Figure 4.44 State-of-the-art centration measurement device
(photo courtesy of Trioptics GmbH [24]).
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Figure 4.45 180° measurement principle.

4.6.2
Image Processing

Another very accurate way of measuring centration is using advanced image pro-
cessing. With a CCD camera mounted on a 3D CMM, the image of the lens is
taken. By using the proper illumination, usually the transition between the clear
aperture and the flange can be made visible. Through this transition, a circle fit is
done. In a next step, the camera is focused through the lens onto the second lens
surface. Again the circle fit is done. Using this data, the centration of the optical
surfaces can be computed. If the transition between clear aperture and flange or
the lens rim can be brought into an image with sufficient contrast, this measure-
ment provides centration data with submicron accuracy. Also this method is capa-
ble of measuring both types of centration. Figure 4.46 shows pictures with the cir-
cle fit through the transition zone. On the left-hand side, a circle segment is fitted
through the upper lens surface, while on the right-hand side the lower lens sur-
face is determined.

The real big advantage of this measurement is that the LUT can stay in position
and does not have to be handled. That takes out the uncertainty in correlating top
to bottom surface of the lens.
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(a) (b)

Figure 4.46 Centration measurement with image processing. (a) surface 1, (b) surface 2.

4.6.3
Mechanical Centration Measurement

If none of the described optical technologies work, there is still a possibility to per-
form mechanical centration measurements. Again the 3D coordinate measure-
ment machine could be used in combination with a smart fixture and a very fine
probing tip. The 3D CMM can measure the concentricity of the lens surface tran-
sition to the outside diameter easily. The problem is to relate the top surface of the
lens to the bottom surface of the lens. For that, the lens has to be turned around
and undergo at least one handling step. It is a matter of smart fixture and mea-
surement strategy to eliminate the handling. Besides the 3D coordinate measure-
ment machines, there also exists specialized equipment for measuring roundness
and concentricity. An example of such a machine is the Talyrond equipment [58].
With this kind of equipment, centration in the submicron region can be measured
as well.

4.6.4
Centration of Aspherical Surfaces

Measuring centration of spherical surfaces using the above-described optical
method does not distinguish between a lateral displacement of the center of cur-
vature or a tilt of the surface. For aspheres, this distinction between the two effects
is very important, and can be measured as well. Using the centration measuring
method described in Section 4.6.1, the decenter of the paraxial radius of curvature
of the asphere can be measured. If a high-resolution distance sensor is added to
the setup (see Figure 4.44 on the left-hand side and schematic figure below), the
sag variation during one revolution of the surface can be monitored. Figure 4.47
shows that principle. Combing these two measurements enables the possibility to
separate decenter from tilt of the aspheric surface [59]. Again, the accuracy of the
rotation is of upmost importance for the result of the measurement.
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Figure 4.47 Radius of curvature measurement of an aspheric surface.

4.6.5
Centration of Multielement Systems

If the centration of a completely assembled objective needs to be measured, only
optical techniques can be considered. For that, the classical method of locating the
centers of curvature of the lens surfaces needs to be combined with the design
data of the lens. Knowing the lens design data, one can work through a multi ele-
ment system from top to bottom. Using the design data to estimate the location of
the foci of the centers of curvature of the surfaces and compensating for the
refraction effects, one works through the objective applying the method described
earlier (see Section 4.6.1). This way all centers of curvature of an objective can be
determined. This can give valuable information on the assembly of such a lens
system.

Figure 4.48 shows a typical lens centration measurement device of Trioptics
[60]. This device uses a high-precision air bearing for turning the lens. Also the air
bearing has got a central hole. Using a second measurement head, the lens can be
measured from both sides. This will increase accuracy and also enable the mea-
surement of whole objectives, if some surfaces cannot be located from one side
only.
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Figure 4.48 Trioptics centration measurement stand, dual measurement head
(photo courtesy of Trioptics GmbH [60]).

4.7
Custom Setups

So far in this chapter, fairly generic setups have been discussed. The big advantage
of injection-molded optics is that several functions can be combined into one com-
ponent. Multiple optical and mechanical features can be realized in one injection-
molded part. In Chapters 2 and 9, several examples have been presented. Other
examples can be found in the literature [61, 62]. The advantage of high integration
sometime turns into a disadvantage for metrology. If there is a highly integrated
component, measurement of all functions can be quite complex. In these cases,
there are two possible approaches:

e use several standard instruments to check the component;
e build a custom measurement setup for the specific component.

As in many cases for injection-molded optics, the scale of the product plays an
important role. If the component is manufactured in large numbers and contains
critical functions, a specific setup is a better choice. If the production is of lower
volume, it might be sufficient to test with a standard instrument and a special
alignment jig. The same is true if the manufacturing process is very stable and
only few parts have to be measured for SPC. At which point the custom setup is a
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better solution depends to a large extend on economic facts as well. Engineering
cost of the setup, measurement time, and of course quality level are the principle
parameters that have to be considered. In the following, a couple of examples for
integrated optical parts and their measurement setups are given. These are exam-
ples and many more setups can be thought of [61].

4.7.1
SALDO

First the special applications laser detection optics (SALDO) is described. Figure
4.49 shows the light path for a CD drive application.

Figure 4.49 SALDO light path.

In the application, light from the laser diode falls onto surface 1, which is a line-
ar phase grating producing three beams for spot tracking on the disk. Surface 2 is
a fish-bone type linear grating that acts as a beamsplitter for the returning light
and also subdivides the returning light bundle in two for dual knife edge focus
detection. Surface 3 is a folding mirror surface and surface 4 the exit window.
Table 4.2 gives an overview over the requirements for the surfaces.

Table 4.2 An overview of the required accuracies of the SALDO
beam splitter.

surface1  surface2  surface3  surface4  unit conditions
3 spot fish bone  mirror exit
clear aperture 0.6 1.0 0.8 0.5 mm &
shape accuracy 3/-RMSi  3/~RMSi 3/-RMSi 3/-RMSi 1 A=780nm
(ISO 10110) <0.035 <0.035 <0.035 <0.050

surface tilt +2 +2 +9 +9 mrad
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Besides the surface shape, an additional requirement is given. Since there are
two gratings in this component, the relative intensities between the different dif-
fraction orders used are of interest as well.

For the prototype series of this product, the individual surfaces were measured
using an interferometer with a short coherence length laser diode. That way,
fringe patterns from the back surfaces could be avoided. For the test of all individ-
ual surfaces, special measurement holders were developed in order to verify the
mechanical reference points as well. The relative intensity distributions were
checked by building the component into a test CD drive. For mass production, the
development of a custom setup was started. In that setup, the component was illu-
minated with a plane wave entering the component from surface 2. With several
photocells at the correct reference positions, the relative intensity distribution be-
tween the spots was measured. The surface shape of all surfaces was still mea-
sured individually with an interferometer.

4.7.2
Double Mirror System

A second example of an integrated optical component is a dual mirror. In an off-
axis parabolic mirror, a small flat mirror has been integrated. The surface normal

of the parabolic mirror and the flat mirror make an angle with respect to each
other. Figure 4.50 shows the geometry of the part.

AN

Figure 4.50 Schematic layout of a double mirror system.
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The important functional parameters for this component are as follows:

e shape accuracy of parabolic mirror

e shape accuracy of flat mirror

tilt of parabolic mirror with respect to the mechanical references
tilt of flat mirror with respect to the mechanical references.

In Table 4.3, the important functional specifications are detailed out in measur-
able quantities.

Table 4.3 An overview of the required properties of the dual mirror.

surface 1 surface2  unit  conditions
surface type off axis paraboloid flat
clear aperture 11.2x 10.0 3x3 mm?
maximum spot diameter 250 - pum in focal point
PV shape accuracy - 0.2 A A=650 nm
surface tilt w.r.t. mech. ref. £6 +6 mrad  two orthogonal directions
surface tilt w.r.t. each other +6 mrad  two orthogonal directions

The difficulty in measuring this part is mainly in the tilt measurement of the
two mirrors. For the shape accuracy, it was chosen to use spot diameters as a qual-
ity measure. The spot diameters can be linked to the mirror shape. Since all these
parameters are important and linked to each other, it was chosen to build a cus-
tom setup. Figure 4.51 shows this setup.

The parabolic mirror is tested by illuminating the mirror with a parallel light
bundle, and then measuring form and position of the focal spot. The flat mirror is
tested in an autocollimation setup. An additional reference mirror is placed in the
test setup. Once common illuminating beam passes the flat mirror, the additional
reference mirror sends the light back into the test system. Passing the flat mirror
a second time, the bundle is then focused on a second CCD camera. Again shape
and position of the spot are measured. Using this setup and some data process-
ing, the critical parameters of the double mirror can be measured.

However there is one very important item that has to be done before starting
the routine measurements: calibration of the test setup. From the geometry of the
test setup, it is evident that reference position of the mirror under test, the nom-
inal position of the spots on the CCD cameras, and the nominal spot sizes (with
their tolerances) need to be determined. The calibration that is used and described
here is again an example on how to solve this kind of problem. It should explicitly
be stated that a proper calibration scheme is absolutely necessary for carrying out
reliable measurements. These calibration schemes are increasingly more impor-
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Figure 4.51 Custom setup for testing double mirror, layout, and actual setup.

tant as one decides to move to a custom and functional test setup. The standard
metrics provided by the standard measurement instrument do not exist for cus-
tom setups. In the case of the dual mirror, it was chosen to follow a calibration
scheme that requires three different calibration tools. In this case, it seemed easi-
er to use the three pieces, since manufacturing a “golden” reference sample is
almost impossible and certainly cost prohibitive. The calibration of both channels
is done separately. The following items are calibrated:

e Zero tilt of the parabolic channel with calibrator 1.

e The tilt sensitivity of the parabolic channel with calibrator 2.

e Zero tilt of the flat mirror channel with calibrator 3.

e The tilt sensitivity of the flat mirror channel with a commercially available tilt
stage.

A detailed description of the calibration steps can be found in Ref. [61].



116

4 Metrology of Injection Molded Optics

473
High Throughput MTF Testing of CMOS Camera Modules

A different type of optical testing will be discussed in the third example of dedi-
cated optical testing. CMOS camera modules are a high volume market. The vast
amount of these camera modules consists of injection-molded optical compo-
nents. The problem in testing these objectives is that the individual optical com-
ponents can be characterized by interferometer, Shack-Hartmann sensor, or
deflectometry, but the most meaningful specification for this type of optics is the
modulation transfer function (MTF). Besides the quality of the individual optical
components, assembly does have a great influence on the performance of the
module as well. In order to deliver constant and reliable quality to the customers,
one needs to test all camera modules after assembly and before shipping. Since
the production volumes of the CMOS camera modules are of the order of several
hundred thousands per month, the test equipment needs to be able to handle
these volumes. Short measurement times and very high throughput are heavy
boundary conditions for the testers. On top of that measuring, the MTF of an opti-
cal system correctly is not trivial since the MTF is a function of many variables
such as focus, spectrum, field position, etc. Basic requirements for the MTF pro-
duction setup are a follows:

o full MTF calculation (not only contrast measurement)
e multiple fields

polychromatic

autofocus

fast (total measurement time less than 4 s)

fast loading and unloading

operator user interface.

The company Trioptics developed such MTF setups that are ready for MTF mea-
surements in production and able to handle very high volumes [63]. Figure 4.52
shows such a high-volume MTF tester.

In this tester, the LUT images a test reticule with lines as test pattern to infinity.
Under adjustable angles, CCD cameras with auxiliary optics are placed to capture
the image that is projected by the LUT. Through image processing and FFT calcu-
lations, the MTF of the system is computed. In the current Pro Line 4 testers, up
to nine cameras can be placed to capture the MTF at nine field positions simulta-
neously. Since one of the important parameters in measuring the MTF of a sys-
tem is focus, the optimum focus in the center of the image is determined prior to
measuring. This is done by a through focus scan in several steps. Focusing, mea-
surement and evaluation of one lens module is performed in less than 4 s. With
this kind of equipment, the very high volumes of injection-molded products can
be handled, even at a 100% level as in this example [64]. In addition to measuring
CMOS camera objectives, there are also MTF testers that can handle so-called
wafer level produced objectives. In this production method, camera modules are
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Figure 4.52 High throughput pro-
duction MTF tester, Trioptics Image
Master Pro Line 4.

assembled on a wafer level and then also tested on a wafer. The depicted MTF
tester (Figure 4.52) does have this wafer level test capabilities.

4.8
Concluding Remarks

At the end of this chapter, it should be clear that metrology is a rich discipline
with many facets to it. Metrology should be an integral part of the product creation
process. The earlier metrology gets involved, the better it is. Injection-molded
optics provides the unique opportunity to design reference marks into the prod-
uct. This should be used as much as possible. The challenge of metrology for
injection-molding optics is on one side to have high-precision metrology for the
tools and on the other side metrology that is fit for mass production, that is, high
throughput and high reliability. Another challenge is to cope with complex and
(highly) integrated products. It should have become clear that the choice is either
using as much standard equipment as possible and finding suitable parameters
that characterize the product sufficiently, or building customized measurement
equipment. In many cases, this decision is made not only on technical grounds
but also on economical ones. For the generic measurement equipment described
in this section, Table 4.4 represents an attempt to classify the techniques into var-
ious categories of measuring injection-molded optics. Table 4.4 focuses on surface
and wavefront measuring techniques, leaving other measurements such as bire-
fringence, centration, and geometrical measurements out. The reason for that is
in the variety of different possibilities for surface- and wavefront measurements.
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Table 4.4 Summary of surface and wavefront metrology techniques.

surface insert surface plastic wavefront plastic comments

interferometer  ++ ++ ++ if slopes are not too
strong, very good choice

interferometer  + + ++ alignment and calibration
with compensa- are critical, compensation
tion optics optics are custom for
every lens
Shack—Hartmann + + ++ flexible tool, alignment
sensor needs attention
deflectometer ++ ++ under very flexible, extended
(phase shift ~ development range
technique)
shearing 0 0 + useful for special
interferometer applications
tactile probing ~ ++ ++ not possible standard for measuring
surfaces

Looking at the table it can be said that standard interferometers are an excellent
choice for characterizing standard optics, i.e., optical surfaces and components
that do not deviate much form sphericity. For aspherical components, there is a
variety of possibilities. Both, slope measuring devices and height measuring have
got some advantages and disadvantages. It very much depends on the application
which technique can be applied best. Up to now, tactile profiling still sets the stan-
dard for measuring (steep) aspheres. However among the optical technologies,
there is lots of development going on in order to bring technologies such as
Shack—Hartmann sensors and deflectometers commercially into the market. At
university and institute level, some of the problems seem to be solved; however
for high-volume production, extra effort is still needed.

Finally remarks need to be made about software. This chapter is reviewing sev-
eral metrology techniques in relation to their relevance and application in measur-
ing injection-molded optics. It is true that all setups need to be placed on solid
optomechanical ground. Therefore, the emphasis of this chapter was placed on
the metrology principles, and some hardware implementation. However in mod-
ern metrology equipment, the ratio between hardware and software is approxi-
mately 30:70. Intelligent algorithms, data pre- and postprocessing, and last but
not least alighment and calibration tools are coded into metrology software.
Furthermore, the software forms the interface to the user. Ease of use and access
to analysis features are very important for the user, and sometimes decide upon
use or not of a certain metrology tool. Therefore it is of essential interest that the
software aspects of a metrology project are covered well. If one decides to build



References

own metrology setups, it is sometimes advisable to consult a software supplier in
the early stage of the project. This becomes even more crucial as the metrology
device is intended to be operated in production.

Another aspect of metrology is that it should be evident that correct interpreta-
tion of the metrology results is very important for improving products and pro-
cesses. One should always remain critical about the hardware and software used.
Even the most sophisticated hardware and software do not relief the operator/
designer from thinking and evaluating. Generating data is easy, while using the
data for meaningful improvements is the challenge.

Finally a last aspect on metrology for injection-molded optics — for tooling, there
is an ongoing movement to implement on machine measurement for character-
ization of the inserts directly on the lathe [65]. This could potentially help in re-
ducing throughput time and also increasing accuracy of insert making. One will
have to watch for a trend.
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5
Optical Plastics

Koji Minami (Zeon Corporation, Kawasaki, Japan)

5.1
Introduction

The innovative engineering development of optoelectronics has contributed to the
expansion of information technology over the past 25 years. This development has
been essential for modern information technologies through high-speed commu-
nication and information processing.

For example, there are lens technologies for optical fibers and discs; laser tech-
nologies for printers and copiers; light sensor technologies including digital pro-
cessing for charge coupled devices (CCDs) and complementary metal oxide semi-
conductors (CMOSs); and flat panel display technologies for liquid crystal dis-
plays. These technologies are increasingly seen in digital cameras, cellular phones
with cameras, DVD recorders/blue laser recorders, and various sensor cameras
for automotive applications.

Optical devices are extremely important, since they play a central role in optical
transmission, recording, replay, and display. For these optical parts, transparent
materials with optical properties have been used. Glass materials have been con-
ventionally used and are the most reliable, and are thus used in important parts
for which high stability is required. However, they are not suitable for mass pro-
duction. Plastic materials are suitable for mass production and, therefore, widely
used for many optical devices. In addition to the mass-productivity, low weight is
another attractive feature. As for transparent plastic materials, poly(methyl meth-
acrylate) (PMMA) and polycarbonate (PC) have excellent transparency and are
used extensively. In addition, alicyclic acrylates and cycloolefin polymers (COPs)
with various optical properties have been developed. Furthermore, optical polyes-
ter (O-PET) and a certain series of polysulfones have recently been developed and
used.

A notable example can be seen in the compact disc market where transparent
plastic materials were accepted to the market in large quantities. The use of plastic
pick-up lens for optical discs significantly lowered the total cost and thus greatly
expanded the compact disc market. As information technology advances, sophisti-
cation in the use of transparent plastic materials for optical devices becomes more
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important. Therefore the development of the technology of these materials is
essential.

This chapter compares the physical properties of some of the transparent plastic
materials currently in use.

5.2
Quality Requirements for Optical Plastics

5.2.1
Transparency

The most required property of optical plastics is high transparency at specific
wavelengths. The transparency of a plastic is determined by (1) molecular struc-
ture, (2) molecular conformation formed by molding or other causes, and (3)
impurities.

5.2.1.1 Molecular Structure

The transparency of a polymer is intimately related to its molecular structure. Var-
ious interatomic/intermolecular interactions in a polymer being exposed to light
cause optical absorption in the ultraviolet to visible region due to electron transi-
tions or optical absorption in the infrared region due to vibrational transitions.
The absorption in the infrared region does not affect absorption in the visible re-
gion. For absorption due to electron transitions a, mostly in the ultraviolet region,
Urbach’s rule is known [1, 2]:

B
a. :Aepr (5.1)

where A and B are inherent to each molecule and 4 is the optical wavelength. At
500nm, a, of PMMA is reported as <1 dB/km whereas that of polystyrene is
98 dB/km from this formula [3]. The value of a, is high when a polymer has a ben-
zene ring structure, as in the phenyl groups that are found in most polycarbonates
and polystyrenes. On the other hand, PMMA is a typical transparent material
with excellent transparency because its molecular structure has no group that
absorbs within the visible region. Thus, materials that are barely affected by elec-
tron transitions are desirable in order to obtain high transparency. Light absorp-
tions occur, for instance, in 7 — 7* transitions in double bonds as typified by azo
or phenyl groups, or n — 7* transitions in C=O bonds.
The reflectance (R) depends on refractive index (n) as follows:
2
R= u . (5.2)
(n+1)
This formula indicates that materials with low refractive index show low reflec-
tance and accordingly high light transmittance. Commonly, plastic lenses are coat-
ed with inorganic materials for which the refractive indices are lower than those
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Figure 5.1 Comparison of light transmittance of PMMA, PC, and COP.
Sample thickness 3 mm. PC: PANLITE® AD5503, Teijin chem.;
PMMA: ACRYPET™ VH, Mitsubishi rayon; COP: ZEONEX® 330R.

of plastics. Figure 5.1 shows a comparison of light transmittance data for PMMA,
PC, and COP.

5.2.1.2 Molecular Conformation
Randomness of molecular chains is essential for polymer transparency. Crystal

and non-crystal regions of a crystalline polymer generally have different refractive
indices. This causes scattering of light at the boundary between two such regions.
A multicomponent polymer such as polymer alloy behaves similarly. There is also
light scattering loss caused by isotropic and anisotropic density fluctuations called

Rayleigh scattering [2, 4].

5.2.1.3 Impurities
Polymers may be colored due to various additives such as antioxidants, plastici-

zers, ultraviolet absorbers (UVAs), coloring agents (pigments and dyes), or oxi-
dized resin damaged in thermoprocessing. Small amounts of residues such as cat-
alysts that are added at the time of polymer synthesis may unintentionally cause

coloring of the polymer.

125



126

5 Optical Plastics

5.2.2
Refractive Index

The refractive index varies depending on molecular polarizability and weight per
unit volume (density) as in the Lorentz—Lorenz equation [5]:

-1 4
~ — 7N 5.
w2 3¢ (>-:3)
where n is the refractive index, a the polarizability, and N the number of mole-
cules in 1 cm’.
As the result of Eq. (5.3), the refractive index values depend on molecular refrac-

tion and molecular volume of macromolecules as follows:

_ [1+2[R])V

where [R] is the molecular refraction and V the molecular volume.
The Abbe number is expressed as

np — 1

ng — e’

Vo = (5.5)

This formula corresponds to Fraunhofer’s D-line (589.2 nm), F-line (486.1 nm),
and C-line (656.3 nm). The Abbe number is the wavelength dependence of refrac-
tive index. The higher the refractive index, the smaller the Abbe number and thus
the larger the wavelength dispersibility, as shown in Figures 5.2 and 5.3 and
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Figure 5.2 Relationship between refractive index and Abbe number for various

polymers at 25°C. PC: PANLITE® AD5503 at room temperature; PMMA: Parapet at 23 °C;
COC(1): APEL™ 5104DP; COC(2): TOPAS® 5013; COP(1): ZEONEX® 480R;

COP(4): ARTON® FX4727; PSU: Udel® P-1700; O-PET: OKP-4.
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Figure 5.3 Wavelength dependence of refractive index for various polymers at 25 °C.
PC: Panlite at room temperature; PMMA: Parapet at 23 °C; COC(1): APEL™ 5104DP;
COC(2): TOPAS® 5013; COP(1): ZEONEX® 480R; COP(3): ZEONEX® 330R;

PSU: Udel® P-1700; O-PET: OKP-4.

Table 5.1[6-12]. Usually an almost straight line can be observed for all polymers
when plotting refractive index against Abbe number.

Table5.1 Abbe numbers and refractive indices of optical polymers.

material brand name temperature refractive index,  Abbe number,
(°C) D-line (587.6 nm) V,
polycarbonate PANLITE® room temp. 1.5836 31.7
poly(methyl methacrylate) PARAPET® 23 1.4913 58.5
cycloolefin polymer APEL™ 5014DP 25 1.5434 56.2
TOPAS® 5013 25 1.5333 56.1
ZEONEX® 480R 25 1.5251 56.0
ARTON® FX4727 25 1.523 52.0
polysulfone Udel® P-1700 - 1.634 235

optical polyester OKP-4 30 1.6070 27.6
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Plastics usually have a larger linear coefficient of expansion (5x10°-10x107)
than glass (5x10°-10x10"°). Additionally, the specific volume of plastics is
strongly affected by temperature and pressure, especially above the glass transi-
tion temperature (Figure 5.4). Commonly optical elements made from thermo-
plastics are fabricated by injection molding. In a certain molding process, melted
plastic is pressed and flowed into the mold cavity and then cooled rapidly. Because
this melted plastic is cooled from the skin layer to core in the injection molding
process, temperature and pressure distributions occur in the molding. By this
means, certain density distributions, i.e., refractive index distributions, are gener-
ated in the molding. These distributions are affected by sprue/runner shapes and
injection and cooling conditions.

As mentioned above, it is important to control optical properties by specifying
mold designs and molding conditions. Generally, one way to avoid nonuniformity
of cooling is to keep the mold temperature high and to fill the mold with melted
plastic in the shortest possible time. Recently, certain molding technologies have
been under consideration in order to control refractive index distribution using
molding techniques [13].

1.2E-03
1.2E-03
[ ]
[ ]
[ ]
1.1E-03 °
N [ ] ° [ ]
o ° o *
<  1.1E-03 ° ° o ®
E * .° .
° .o N ..o e (OMPa
S ior0sl Jeo8,0%° o° * 50MPa
S R EREEE B e 100MPa
o o ® [ ] ° [ ]
ES e °®? e 150MPa
2  9.5E-04 - 200MPa
(%)
9.0E-04 +
8.5E-04 +
8.0E-04 . . i
20 120 220 320 420
Temperature °C

Figure 5.4 Dependence of specific volume on temperature and pressure.
Polymer: ZEONEX® E48R.
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Birefringence

Another important property of optical parts is the birefringence that appears in a
molding. When light passes through a material, velocities of light differ between
two orthogonally arranged vibrating surfaces. This is called birefringence. If this
phenomenon occurs in lenses, they become sensitive to orientation when used in
polarized light, or no image formation can be achieved around the focal area.
There are several explanations for the cause of birefringence of polymers. Gen-
erally birefringence is categorized into: (1) orientational birefringence given by

An = fAn, (5.6)

where fis the orientational coefficient, n the average refractive index, and An, the
intrinsic birefringence given by

_2m(n? + 2 p
Ano = ? T MNAAG (57)

in which p is the density, M the molecular weight per unit, N, Avogadro’s num-
ber, and Aa the major difference of polarizability; and (2) stress birefringence giv-
en by

An, = Co (5.8)

where C is the photoelastic coefficient and o the stress. In these cases, each poly-
mer has characteristic constants of intrinsic birefringence and photoelastic coeffi-
cient. Tables 5.2 and 5.3 give the intrinsic birefringence and photoelastic coeffi-
cient, respectively, of several polymers [14].

Table5.2 Intrinsic birefringence of polymers.

polymer intrinsic birefringence, An,
polystyrene -0.1

PPEY 0.21

PC 0.106

pvVC 0.027

PMMA -0.0043

PET 0.105

PE 0.044

a) Poly(phenylene ether).
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Table 5.3 Photoelastic coefficients of polymers.

polymer photoelastic coefficient, C (x10™" cm?/dyn)
PMMA -6
PC 72

COP (ZEONEX® 480R) 6.5
PS -55

As for a specific method to minimize the birefringence of polymers, the refrac-
tive index or polarizability may be minimized using Eq. (5.6). To minimize polar-
izability, various measures have been recently used such as the introduction of ali-
cyclic structures into the main chain. In order to minimize the stress birefrin-
gence of Eq. (5.8), the synthesis of structures with positive and negative constant
birefringence within the same macromolecule has been reported.

5.2.4
Stability

5.2.4.1 Heat Resistance

Heat resistance may be required depending on the intended service environment
of optical plastics. Normally stability to 85°C is required for laser beam printer
(LBP), CD/DVD, and cameras for cellular phones. For automotive applications in
the passenger area, the temperature specification is up to 100-110 °C; for applica-
tions in the engine area, it is up to 150 °C.

Optical polymers are required to have higher deflection temperature under load
than 85°C. Figure 5.5 shows a comparison of the deflection temperature under
load for various optical polymers [6-12].

Some plastics cannot be used in situations involving large environmental
changes, because the temperature dependence of refractive index, dn/dT, of plas-
tics is about 10-100 times higher than that of glass. For instance, Table 5.4 gives a
comparison of the focal shifts of plastic and glass lenses. Both lenses have a focal
distance of approximately 20 mm and thickness of 2 mm with a temperature
change from 20 to 80 °C calculated by

R\R,n
(n=1)[n(R; — Ry) + (n—1)d]

f= (5.9)
where n is the refractive index, R; and R, the radii of curvature of the lens, and d
the thickness of the lens. In this case, the focal shift value of the plastic lens is
approximately 19 times larger than that of the glass lens. It is necessary to con-
sider this fact when designing optic elements made of plastics.
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Figure 5.5 Comparison of the deflection temperature under load for various optical
polymers. PC: PANLITE® AD5503; PMMA: ACRYPET™ VH; COC(1): APEL™ 5104DP;
COC(2): TOPAS® 5013; COP(1): ZEONEX® 480R; COP(4): ARTON® FX4727;

PSU: Udel® P-1700; O-PET: OKP-4.

Table 5.4 Comparison of focal shifts of plastic and glass lenses.

plastic: ZEONEX® 480R glass: Schott N-BK7
linear expansion coefficient ~ 6.0x 107 7.1x10°
temperature (°C) 20 80 20 80
7, (mm) 34 34.122 32 32.014
r, (mm) -15 ~15.054 -15 ~15.006
refractive index, n 1.52784 1.52140 1.51872 1.51891
thickness, d (mm) 2.0 2.0072 2.000 2.0009
focal distance, f (mm) 20.0 20.32 19.979 19.980
refractive index shift -0.006 -0.0002
focal shift 0.318 0.001

5.2.4.2 Moisture Absorption

The influence of volume change on optical properties in high-temperature and
high-humidity environments cannot be clearly expressed. Usually, the reliability
of an optical device is evaluated by accelerated tests in high-temperature and high-
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humidity environments. For example, it is determined using the performance
change of an optical device under conditions of 60°C, 90% RH, and 500 h dura-
tion as a reference. Figure 5.6 shows the water absorption of some major optical
plastics [6-12].

Condition 23°C, water, 24hr
0.35

0.00 . P s B | .

PSU PC COP(2) COC(1) COCE cop(4) O-PET  PMMA

© o o o

= N N w

[¢)] o (¢)] o
T T T T

Water absorption rate %
o
S

Figure 5.6 Comparison of the water absorption of some optical polymers.
PC: PANLITE® AD5503; PMMA: ACRYPET™ VH; COC(1): APEL™ 5104DP;
COC(2): TOPAS® 5013; COP(2): ZEONEX® E48R; COP(4): ARTON® FX4727;
PSU: Udel® P-1700; O-PET: OKP-4.
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Figure 5.7 Change of refractive index due to water absorption for PMMA (DELPET® 80NH)
and COP (ZEONEX® E48R). Sample thickness 3 mm; condition: 50 °C, 90% RH; measurement
by V-block method at 23 °C, 50% RH; instrument: Kalnew precision refractometer KPR-200.
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Even a relatively small water absorption affects size distortion and density. In
order to obtain optically stable materials various developments have been
attempted to reduce the water absorption. From recent actual examples, the intro-
duction of alicyclic structures and the use of a polyolefin with alicyclic structure
(cycloolefin polymer) have produced good results. Figure 5.7 shows the change of
refractive index due to water absorption for PMMA and COP. From these data it
can be seen that the refractive index is much affected by water absorption. The
details are discussed later.

5.2.4.3 Residual Stress

It is also important to prevent size distortion and tilt due to the residual stress at
the time of plastic molding. Optimization of molding conditions will minimize
the residual stress of a molded item and, as a result, minimize warp progression.
Large residual stress can also be removed by annealing below the glass transition
temperature (see Figure 5.8).
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Figure 5.8 Change of radial deviation of optical disc. Sample thickness
0.6 mm), diameter 120 mm, optical disc substrates made from COP
(ZEONOR® 1060R), measurements at room temperature.
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5.3
Plastics

5.3.1
Acrylate Polymers

5.3.1.1 PMMA

This is one of the major materials used in optical plastics. It is made by polymeriz-
ing the monomer methyl methacrylate. It is used as a pellet-shaped material for
processing or offered as cast board manufactured by polymerizing the monomer
by pouring it into a mold sandwiched between glass boards. The chemical struc-
ture of PMMA is shown in Figure 5.9.

CHjz
I
—1—CH, —C
I
C=
I

i

CH, n

Figure 5.9 Chemical structure of PMMA.

The material characteristics are as follows:

« high transparency;

e low birefringence;

e outstanding hardness;

high light deterioration resistance; and
high Abbe number.

Tables 5.5 and 5.6 give catalog values for PMMA polymers offered by Mitsubishi
Rayon Co. Ltd. and Kuraray Co. Ltd [7, 15]. With its high transparency and hard-
ness, PMMA is used in various transparent parts.

As for optical use, PMMA is used in large lenses such as condensers, Fresnel
lenses, projection TV lenses, and lenses for car lamps; it is also used for small- to
medium-sized high-precision lenses such as optical lenses for LBP, lenses for dis-
posable cameras, and optical pick-up lenses. With its high transparency it is also
used in light guide plates for LCD backlights and in light diffusing devices for
illumination in which elements are diffused. It is also used in cover materials for
displays, instruments, and gauges, and for the covers of rear lights of automo-
biles.
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5.3 Plastics

The problems of PMMA as an optical material include (1) water absorbing prop-
erty: change of refractive index and size due to water absorption; and (2) heat resis-
tance: glass transition temperature of 100°C is insufficient in some environ-
ments. The development of various polymers is in progress to solve these pro-
blems.

Various companies have shown good results of their own efforts to minimize
birefringence, ideally to zero. One well-known example is the development of an
acrylate-containing alicyclic structure by Professor Koike of Keio University and
Hitachi Chemical Co. Ltd [16].

5.3.2
Polycarbonate

5.3.2.1 Optical Polycarbonate

Polycarbonate (PC) is the most commonly used optical material. General PC is
polymerized from bisphenol-A with carbonyl chloride or diphenylether. It is
mostly used for CD-DA. It is also used for optical discs including CD-ROM, CD-
R/RW, MD, DVD-ROM, DVD-Video, and DVD+R/RW. The chemical structure is
shown in Figure 5.10.

CH,
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o@c@o—c

| I

CH, o}

Figure 5.10 Chemical structure of PC.

The characteristics of PC are as follows:

o low levels of impurities;

¢ transparency;

e high refractive index, high scattering;
e heat resistance;

o moldability (transferability); and

e high intensity.

With these characteristics it is not only used for optical discs but also for optical
lenses and optical films for liquid crystals. It has one of the best impact strengths
among the various engineering plastics, and thus is used for multiple purposes. It
is also used for grading of building materials and for lenses for car lamps. The
suppliers are Sabic Innovative Plastics, Bayer, Dow Chemical, Teijin Chemicals,
Mitsubishi Engineering Plastics, Idemitsu Petrochemical, Asahikasei, and others.
It is the most widely used material for optical disc storage. Table 5.7 gives the
physical properties of PANLITE® AD-5503 offered by Teijin Chemicals Co. Ltd [6].
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Table 5.7 Typical properties of polycarbonate: PANLITE®
(Teijin Chemicals Ltd).

property unit test method condition AD-5503 L-1225Y
density kg/m*® 1SO 1183 - 1200 1200
water absorption % 1SO 62 in water; 23°C,24h 0.2 0.2
light transmittance % ASTM D1003 3 mm thickness 89 88
refractive index - ASTM D542 - 1.585  1.585
Abbe number - ASTM D542 - 30 30
tensile modulus MPa SO 527-1and -2 1 mm/min 2450 2400
tensile yield stress MPa 1SO 527-1and -2 50 mm/min 63 62
tensile yield distortion % ISO527-1and -2 50 mm/min 6 6
tensile fracture designation % 1SO527-1and -2 50 mm/min >50 >50
distortion

flexural modulus MPa ISO 178 2 mm/min 2400 2350
flexural strength MPa ISO 178 2 mm/min 96 92
load-deflection °C ISO75-1and-2 1.80MPa 124 128
femperature 0.45 MPa 138 141
coefficient of linear x107*/°C 1SO 11359-2 parallel 0.7 0.7
expansion vertical 0.7 0.7

A problem with PC is that it has large birefringence. The photoelastic coeffi-
cient of PC is approximately 10 times greater than that of PMMA. Thus, for high-
density optical discs, such as magnetic optical discs, when the incident angle is
large, the birefringence becomes large. This may cause read errors. The following
measures can be taken to reduce the birefringence [17]:

 improvement of fluidity;

e introduction of monomer with structure different from bisphenol-A; and

e mixing with other materials, such as polystyrene, that off-set the large photo-
elastic coefficient.

5.3.2.2 Low-Birefringence Polycarbonate: ST-3000

Teijin-Bayer Polytec Ltd, jointly operated by Teijin Chemicals and Bayer, under-
took a joint development and has now started marketing a new material called
ST-3000, a low-birefringence PC [18, 19]. This is a material that solves the pro-
blems of the large birefringence of conventional PC. Compared to conventional
PC it is characterized by the following:
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e 50% lower birefringence than normal PC;
e 25% lower water absorption than normal PC; and

* high rigidity.

This material is used for some high-density optical discs and (optical) films that
require a low birefringence, which can be achieved using this new material.

533
Cycloolefin Polymer

Recently COP, which was originally developed around 1990, has been used as an
optical material for parts that require high quality. COP is a polymer with an ali-
cyclic structure synthesized using a cycloolefin as a monomer. Its main chain has
a bulky cyclic structure. This polymer is amorphous and has high transparency
and heat resistance. It has also outstanding environmental durability and no
hygroscopic property when it is composed only of hydrocarbons.

It has already been commercialized as ZEONEX® and ZEONOR® by Zeon Cor-
poration, APEL™ by Mitsui Chemicals, TOPAS® by Topas Advanced Polymer
GmbH, and, although not a complete carbon hydride, ARTON® by JSR.

These materials have high heat resistance and no property transformation due
to moisture absorption. They are thus used in optical parts that would otherwise
use PMMA.

5.3.3.1 ZEONEX®/ZEONOR® [20, 21]

The ZEONEX® materials are polymers obtained by ring-opening metathesis poly-
merization of norbornene derivatives and then complete hydrogenation of double
bonds. The catalyst and other impurities used in the polymer synthesis have been
almost completely removed. Its transparency is outstanding even among COPs. It
is a transparent and colorless material with no light absorption in the visible re-
gion. The chemical structure is shown in Figure 5.11.

CH,— CH,

\
R1 R2
n

Figure 5.11 Chemical structure of COP.

The major characteristics are as follows:

 Low specific gravity (approximately 1.0). This is less than that of PMMA/PC.

e Transparent. No absorption in the whole visible region; almost the same trans-
mittance as PMMA.

e Low water absorption. The lowest water absorption among optical plastics.
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e Low scattering. Refractive index is approximately 1.51-1.53. The wavelength
dependence is relatively weak.

e Low birefringence. Outstanding birefringence performance especially to diago-
nal incident light compared to PC. The optoelastic constant is the same as that
of PMMA.

e Heat resistance. Glass transition temperature is 123-138 °C. This is sufficient
for normal use.

e High processability. High fluidity and excellent and accurate moldability.

The general physical properties are given in Table 5.8. COP has the lowest water
absorption among all transparent plastics. Thus distortion or change of optical
properties due to water absorption is a minimum (Figure 5.12). This plastic is
suitable for optical devices such as lasers used for the visible region.

The photoelastic coefficient of ZEONEX® or other COPs is less than that of PC
and the same as that of PMMA. The actual birefringence is higher than that PMMA
and lower than that of PC. The dependence on the incidence angle of birefringence is
less pronounced than for PC, and thus it has been used for optical discs (Fig-
ure 5.13).

ARMS
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Figure 5.12 Change of the spherical aberration of optical lenses made from
PMMA (filled circles) and COP (ZEONEX® 480R, open circles) under the condition
of high temperature and humidity. Condition A: 60°C, 90% RH, 168 hours;
condition B: 25°C, 50% RH.



143

5.3 Plastics

sjuauoduwod
syuauoduod syuauoduod syuauodurod syuauodurod reondo
reondo reondo reondo reondo quawdinba
‘S9SUI] ‘S9SUI] ‘S9SUD] ‘S9SUD] [ed1paux - - - suonedrjdde 1olewr
dHY6 dHY6 aH¥6 aH¥6 HY6 - prepuels 10 - Anqewuey
20000 +000°0 70000 70000 70000 ZHW 1 06T D41 - Jua3UE)} JLIDI[IP
(34 €T €T €T 4 ZHIN T 0ST DHI - JUBISUOD DIIII[AIP
09 (114 or or Oy  WW [ ‘POyIatll SWH-H0YS 671 WLSV Ww/AY H3Ud1}s UMOPY 1] DLHII[IIP
901< 9101< 9101< 0101< 010T< - €604l wdy A)TAT)STSOI SWIN[OA
q H¢ H H H - 10V SIf - ssaupiey [puad
61 €T 17 ¥T ¥ PIOU YHIM T 7°¢ 9SzA WISV w/( 8uans pedur poz|
4 € 01 (04 (114 - LTS OSI % uone3uod AISua)
N4 Sy 1L [ 6S - LTS OSI  BIN yi3uais J[Isua}
000¢ - 00S¢C 002¢ 00T - 175 OSI edIN UOISUa) UT A1211S.[d JO sn{npour
60T 16 0T 6 6 - 81 OSI BN 8uans [eINXa[J
00¥C 00T¢ 00ST 001¢C 001C - 8/T1 OSI  BdN SNNPOW [BINXI[}
- ST - - - N8T'TZ ‘D.09¢ uru
[44 - 4 ¥4 0T N8L'IZ D, 08T 61/ s o1/8 S1BI MOJj JPU
<0TX9 <0IX6 0I%9 +0I%9 < 01%9 - 1689 WISV~ D./1 uorsuedxa IeaUT] JO JUSIDIIJ0D
Yy1 (08 raan (Y4 €71 Tesauue ou ‘ed A 08'T 8790 ISV D, Peo[ epun srneraduway UOTI[JOP
961 ¢ct 6¢1 8¢1 8¢l - 121 SIf Do amjeradwa) uonIsuen) sse[d
- 60S'T €51 YA N SCS'T - wsa WISV - XOPUI JATIORIJII
6 6 6 6 6 SSIUDIY} W ¢ €001d WLSV % sduENIWISsURL Y31
10°0> 10°0> 100> 10°0> 10°0> - 045 WISV % 9DUBQIOSQE 19]EM
10T S6°0 10T 10T 10T - 76Ld WISV - Ayaers oypads
yzsd doee gyl 4oy (11:14 uoiipuod poylw  Hun kpadoud

*(uonesodio) uoaz) oXIN0O3IZ uawikjod ulyaj0o[24d jo saiadoud [edidA] g g9qerL



144

5 Optical Plastics
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Figure 5.13 Comparison of incidence angle dependence of birefringence (retardation)
of COP (ZEONEX® 480R) and PC. Sample: optical disc storage with diameter 86 mm and
thickness 1.2 mm; measurement point: 30 mm distance from the center of the optical disc.

The transparency of ZEONEX® is at the same level or higher than that of
PMMA, which is known to have the best light transmittance among transparent
plastics. Thus, with this property and also because of its dimensional stability it is
used for the prisms of compact cameras.

Recently, Zeon Corporation released ZEONEX® new grades, 340R/350R which
designed for the blue laser pick-up lens, F52R for digital camera lens.

Zeon Corporation also offers ZEONOR®, which is a polymer characterized by
transparency, high fluidity, and high heat resistance like ZEONEX® without
refractive index or birefringence properties. With these characteristics, it is used
for the transparent parts of optical discs and light guide plates for LCD backlights
(Table 5.9).
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Table 5.9 Typical properties of cycloolefin polymer: ZEONOR® (Zeon Corporation).
property unit method condition 1020R 1060R
specific gravity - ASTM D792 - 1.01 1451.01
water absorbance % ASTM D570 - <0.01 <0.01
light transmittance % ASTM D1003 3 mm thickness 92 92
glass transition temperature °C JIS K7121 - 105 100
deflection temperature under °C ASTM D648 1.80 MPa 101 99
load
coefficient of linear expansion 1/°C ASTM E831 - 7x107° 7x10°
melt flow rate g/10 min  JIS K6719 280°C, 21.18N 20 -

260°C, 21.18 N - 14
flexural modulus MPa 1SO 178 - 2100 2100
flexural strength MPa ISO 178 - 80 76
tensile strength MPa 1SO 527 - 53 53
modulus of elasticity in MPa 1SO 527 - 2200 2100
tension
tensile elongation % 1SO 527 - 90 60
I1zod impact strength J/m ASTM D256 with notch 60 18
Dupont impact strength ] - - 36 26
Rockwell hardness - ASTM D785 M scale 20 20
volume resistivity Qm IEC 93 - >10" >10"°
dielectric breakdown strength kV/mm  ASTM D149 Short-time method, 70 70

1 mm
dielectric constant - IEC 250 1MHz 23 23
dielectric tangent - IEC 250 1MHz 0.0002 0.0002
flammability . UL-94 - 94HB 94HB
characteristics® - - - high moisture- high fluidity

proofing, high
strength

Data represent experimental results and do not guarantee specific performance

levels in actual usage.

a) Heatresistant grades are also available.

5.3.3.2  Cycloolefin Copolymer (COC): APEL™/TOPAS®
As polymers synthesized by copolymerization of norbornenes and alpha-olefins,
APEL™ and TOPAS® have been commercialized by Mitsui Chemical Co. Ltd and
Topas Advanced Polymer GmbH, respectively.

The characteristics are very much similar to those of COP:

e low specific gravity;
e transparency,

¢ low water absorption;

o low scattering;

e low birefringence;
e heat resistance; and
e high processability.

They are particularly known for their low birefringence and high fluidity.
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APEL™ is synthesized by copolymerization of tetracyclododecene (TCD) and
alpha-olefin. Table 5.10[22] gives the general physical properties. In particular,
with a birefringence less than that of PMMA and transparency in the red laser
region, it is often used in DVD pick-up lenses. The chemical structure of APEL™
is shown in Figure 5.14.

r ~

Con — CH,
I
R
n

. ./

Figure 5.14 Chemical structure of APEL™.

TOPAS® is a copolymer of norbornene and alpha-olefin. Table 5.11 gives the
general physical properties and Figure 5.15 shows the chemical structure. The
birefringence is similar to that of PMMA; however, the transparency is outstand-
ingly high. TOPAS® is used in various optical lenses.

o

Figure 5.15 Chemical structure of TOPAS®.
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5.3.3.3 Norborne Functional Polymer: ARTON®

JSR offers ARTON® which is a COP with ester groups. The ester groups cause
some amount of water absorption compared with other COPs, but lead to easy
surface coating, adhesion, and other surface treatments. Table 5.12[10] gives the
general physical properties and Figure 5.16 shows the chemical structure.

CH,— CH,

Figure 5.16 Chemical structure of ARTON®.

The characteristics of this polymer are as follows:

e low birefringence;

high fluidity;

e high heat resistance; and

e easy surface treatment and adhesion.

It is used in optical films, optical lenses, and light guide plates for LCD.
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Table 5.12 Typical properties of norbornene functional polymer: ARTON® (JSR).

property unit method condition F5023 FX4726 FX4727 D4531 DA4532
optical

refractive index - ASTM D542  D-line, 25°C 1.512 1.522 1.523 1.515 1.514
transmittance % ASTM D1003 3.2 mm thickness 93 93 93 93 93
haze % ASTM D1003 3.2 mm thickness 0.6 0.6 0.6 0.6 0.6
Abbe number - ASTM D542 25°C 57 52 52 57 57
stress optic coefficient 107® cm?/N JSR method 546 nm 3 1 1 4 4
birefringence nm ellipsometer 633 nm <20 <20 <20 <20 <20
thermal

glass transition °C DsC 20°C/min 167 125 120 135 145
temperature

heat deflection °C ASTM D648  18.2x10*Pa 162 115 110 130 140
temperature

mold shrinkage % ASTM D955 MD direction 0.5-0.7 0.5-0.7 0.5-0.7 0.5-0.7 0.5-0.7
coefficient of linear 107°/°C ASTM D696 6 9 9 8 8
expansion

heat conductivity W/m/°C  JSRmethod 100°C 0.17 0.16 0.16 0.17 0.17
melt flow rate g/10 min  JIS K7210 260°C, 98 N 8 60 120 45 40
mechanical

tensile stress MPa ASTM D638 75 75 70 75 75
elongation at break % ASTM D638 15 10 10 15 15
flexural stress MPa ASTM D790 125 120 120 120 120
flexural modulus MPa ASTM D790 3000 3000 3000 3000 3000
Izod impact strength J/m ASTM D256  !/4in notched 20 20 20 20 20
Rockwell hardness - ASTM D785 R scale 125 125 125 125 125
pencil hardness - JIS K5401 H H H H H
electrical

dielectric breakdown kV/mm ASTM D149 1mm 30 30 30 30 30
strength

volume resistivity 10"°Qcm  ASTM D257 >1 >1 >1 >1 >1
dielectric constant - ASTM D150 1MHz 3 3 3 3 3
dielectric loss - ASTM D150 1MHz 0.02 0.01 0.01 0.02 0.02
arc resistance s ASTM D495 3 mm 190 180 180 190 190
chemical resistance

dilute sulfuric acid ASTM D543 soaking, 23°C, 1 week 1 1 1 1 1
NaOH (10%) 1, tolerant 1 1 1 1 1
methyl alcohol 2, limited tolerance 1 1 1 1 1
isopropyl alcohol 3, not tolerant 1 1 1 1 1
acetone 2 2 2 2 2
toluene 3 3 3 3 3
methyl ethyl ketone (MEK) 2 2 2 2 2
other

density - ASTM D792 - 1.08 1.06 1.06 1.08 1.08
water absorption % ASTM D570  23°C, water, 1 week 0.4 0.2 0.2 0.2 0.3

5.3.4

Other Resin Materials

The challenges with optical plastics include the achievement of low birefringence,
high refractive index, and high durability (low moisture absorption and high heat

resistance).
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Optical Polyester (O-PET)
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A new type of polyester has been suggested for optical use [23]. The chemical
structure of an example of such an optical polyester is shown in Figure 5.17[24].
This polymer is synthesized from 9,9-bis[4-(2-hydroxyethoxy)phenyl]fluorine
(BPFE), ethylene glycol, and dimethylterephthalate (DMT).

- O-CH,CH+O

? ?
O—CHQCHZ—O—C—Q—C-

Figure 5.17 Chemical structure of an optical polyester.

(o)

o}
Il Il
O-CH,CH;O-C —@—c

Osaka Gas Co. Ltd and Kanebo Ltd have co-developed an amorphous polyester
material, OKP-4. It is now available commercially from Osaka Gas Chemical. The
characteristics of OKP-4 are as follows:

e high refractive index (>1.6); and

e low birefringence.

Table 5.13 gives the catalog values of some of its properties.

Table 5.13 Typical properties of optical polyester: OKP-4 (Osaka Gas Chemical).

property unit method condition OKP-4
density kg/m? 1SO 1183 1220
water absorption % ISO 62 water, 23°C, 24 h 0.15
light transmittance % ASTM D1003 3 mm thickness 90
refractive index - ASTM D542 Abbe 1.607
Abbe number - ASTM D542 27
tensile modulus MPa JIS K7113 2000
tensile yield strength MPa JIS K7113 60
tensile yield distortion % JIS K7113 4
flexural modulus MPa JIS K7203 2300
flexural strength MPa JIS K7203 99
heat distortion temperature °C ISO75-1and-2 1.80MPa 105
coefficient of linear expansion 107*/°C ISO 11359-2 0.7
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5.3.4.2 Polysulfone (PSU)
PSU is an excellent engineering plastic with high heat resistance. The characteris-
tics of this polymer are as follows:

¢ Heat resistance. The heat deflection temperature is 343 °F (174 °C).
¢ High refractive index (>1.6).
e High intensity.

Typical applications of PSU are in food service components, plumbing fixtures,
membranes, and laboratory animal cages. PSU is stable as regards stress, chemi-
cals, and steam or gamma sterilization required for medical applications. PSU is
not commonly used for optical purposes because it is colored yellow, but it is used
in heat-stable lenses. The general physical properties of the PSU Udel® P-1700
are given in Table 5.14[25] and its chemical structure is shown in Figure 5.18.

Table 5.14 Typical properties of polysulfone: Udel® P-1700.

property method? value” value?
general

specific gravity D792 1.24 1.24

water absorption, 24 h D570 0.30% 0.30%
melt flow at 343°C, 2.16 kg D1238 6.5g/10 min 6.5 g/10 min
mold shrinkage D955 0.007 in/in 0.007 mm/mm
mechanical

tensile strength D638 10.2 kpsi 70.3 MPa
tensile modulus D638 360 kpsi 2.48 GPa
tensile elongation at break D638 50-100% 50-100%
flexural strength D790 15.4 kpsi 106.2 MPa
flexural modulus D790 390 kpsi 2.69GPa
tensile impact strength D1822 200 ft-Ib/in? 420 kJ/m?
1zod notched impact strength D256 1.3 ft-Ib/in 69]/m
thermal

deflection temperature at 264 psi (1.8 MPa) D648 345°F 174°C
coefficient of linear expansion D696 31 ppm/°F 56 ppm/°C
glass transition temperature 374°F 190°C
electrical

dielectric strength D149 425 V/mil 17 kV/mm
dielectric constant at 60 Hz D150 33 3.3
dielectric constant at 103 Hz 29 2.9
dielectric constant at 106 Hz 4.1 4.1

dissipation factor at 60 Hz D150 0.0007 0.0007



Table 5.14 Continued.

5.3 Plastics

property method? value” value?
dissipation factor at 103 Hz 0.001 0.001
dissipation factor at 106 Hz 0.006 0.006
volume resistivity D257 3x10°Qcm  3x10°Qcm
color
NT 11 (natural) light amber
NT 06 (natural) very light amber
CL 2611 (clear) nearly water white
optical
refractive index 486.1 nm 1.650
587.6 nm 1.634
656.3 nm 1.623

Abbe number 23
light transmittance; 1.8/2.5/3.3 mm thickness D1003 86/85/84%
haze; 1.8/2.5/3.3 mm thickness D1003 1.5/2.0/2.5%
yellowness index; 1.8/2.5/3.3 mm thickness D1925 7.0/10/13%
a) ASTM.
b) US customary units.
c) Slunits.

CH,3

O (!) O
G,

Figure 5.18 Chemical structure of PSU.
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5.4
Summary

Table 5.15 gives the physical properties of various plastics for optical use. Table
5.16 gives the refractive index data reported by plastics suppliers. Figure 5.19
shows the retardation data for various plastics. Table 5.17 gives a comparison of
some optical plastics. We select the materials that have characteristics in accor-
dance with quality requirements.

40

30
=
=
=
il
T 20
12
8
[0)
(04

10 ] I I:

0 L L L
PMMA coC(2) COP(2) COP(3)

Figure 5.19 Retardation data for various polymers.

PMMA: ACRYPET™ VH; COC(2): TOPAS® 5013; COP(2): ZEONEX® E48R;

COP(3): ZEONEX® 330R.

Measurement by minute area automatic birefringence analyzer: KOBRA CCD, wavelength
590 nm. Sample: injection molded plate, size 65 x 65 x 3t mm. Measurement point:
diagonally 75 mm distance from the gate which is located at one corner of the sample plate.
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Table 5.16a Refractive index of PMMA: PARAPET® HR1000S
(Kuraray Co. Ltd).

temperature (°C) wavelength (nm)

Abbe number, V,

435.8 486.1 546.1 587.6 656.3 827.3

23 1.5019 1.4972 1.4933 1.4193 1.4888 1.4848

58.5

Instrument: Kalnew KPR-20 precision refractometer.
Conditions: range= no. 1(1.25-1.7); mode= auto stand.,
intermediate solvent; ny=1.49.

Table 5.16b Refractive index of PC: PANLITE® (Teijin Chemicals Ltd).

temperature theoretical wavelength (nm) Abbe number, V,
486 587 656
n; ngy ne

room temp. 1.5966 1.5836 1.5782 317

Measurement: Atago 2T Abbe refractometer.

Light source: Mitsubishi Rayon ELI-050 halogen lamp.
Homogeneous light from JOBIN YVON H.20 UV;
wavelength 400-700 nm.
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Table 5.16f Refractive index of cycloolefin copolymer:

APEL™ 5014DP (Mitsui Chemicals Inc.).

temperature (°C)

wavelength (nm)

Abbe number, V,

g-line F-line d-line C-line LD

435.8 486.1 587.6 656.5 786.5
5 1.5571 1.5518 1.5450 1.5421 1.5385 56.2
25 1.5556 1.5503 1.5434 1.5406 1.5371 56.0
50 1.5532 1.5478 1.5410 1.5382 1.5347 56.4
75 1.5505 1.5451 1.5383 1.5355 1.5320 56.1
dn/dT (x107°/°C)  -9.5 -9.7 -9.6 -9.5 -9.4
Table 5.16g Refractive index of TOPAS® 5013L-10/
Topas Advanced Polymer GmbH
temperature°’C  wavelength nm vd Abbe number

g f e d c LD
435.8  486.1 546.1 587.6  656.3 780

10 1.5462 1.5410 1.5365 1.5343 1.5315 1.5281 56.2
25 1.5450 1.5398 1.5352 1.5331 1.5303 1.5270 56.1
40 1.5437 1.5383 1.5339 1.5316 1.5288 1.5255 56.0
60 1.5417 1.5364 1.5320 1.5297 1.5269 1.5236 55.8
80 1.5397 1.5344 15300 1.5277 1.5249 1.5217 55.5
Table 5.16h Refractive index of optical polyester:
OKP-4 (Osaka Gas Chemical).
temperature (°C)  wavelength (nm) Abbe number, V,,

436 486 546 589 656
30 1.6370 1.6230 1.6130 1.6070 1.6010 27.6

Table 5.16i Refractive index of polysulfone: Udel® P-1700.

temperature (°C)

wavelength (nm)

Abbe number, V,,

486.1

587.6

656.3

25

1.650

1.634

1.623

23.5
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5 Optical Plastics

As stated previously, improved polymers are now under consideration as a
result of various recent technology developments. These polymers are very good
as regards mass-productivity compared to glass; however, they do not necessarily
reach the same level of environmental stability and variety of refractive index as
glass. Currently, appropriate materials are selected for each use. In the future,
further developments of materials are expected, enabling more applications in var-
ious fields. The main areas of research and development concern

¢ high-refractive-index materials;
e low-birefringence materials; and

 materials with higher environmental stability, mainly heat resistance.
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Coating on Plastics

Ulrike Schulz (Fraunhofer Institut IOF, Albert Einstein Str. 7, 07745 Jena, Germany)

6.1
Introduction

Injection-molded or hot-embossed optics replace glass optics whenever improved
properties or a cost reduction can be achieved with plastic parts. In contrast to
glass optics where optical coatings are state-of-the-art technology, most plastic
optics are used uncoated today. Most experiences with coating exist in the field of
eyeglass coatings. First results of research in the field of coating plastics were pub-
lished about 20 years ago [1, 2]. Today a number of review articles are available
that cover the general task [3-5]. Despite of “classical” precision optical applica-
tions, the coating of organic polymers is essentially required for the development
of optoelectronic devices like organic solar cells and organic light-emitting diodes
(OLEDs) [6].

With respect to coating, organic polymers are much more complicated materials
than inorganic glasses. Naturally, the temperature applicable in coating processes
is limited. This is a difficulty for classical evaporation processes just as for wet-
chemical coatings, which require high temperatures for hardening. Consequently,
coating technologies well established for glass cannot be used for polymers. An
overview about procedures and techniques used for the deposition of coatings on
rigid thermoplastics is given in Section 6.2.

It is obvious that miscellaneous interactions have to be taken into account if
polymers are exposed to plasma and high-energetic radiations during coating pro-
cesses. These interactions have to be investigated for the manifold of polymers
with different chemical compositions. Especially vacuum ultraviolet radiation can
damage surface or volume of polymers and initiate degradation of the coating—
substrate interfaces at a later date. A summary of this task is given in Section 6.3
followed by a section covering the basic concerning of the mechanical and thermal
stress of coatings on plastics (see Section 6.4). Both plasma interactions and stress
have a substantial influence on the lifetime properties of coated plastics.

The most frequent requirement in optical systems production is to increase
light transmission by antireflective (AR) layers. However, antireflection properties
can not only be provided by coating but also by generating suitable nanostruc-

Handbook of Plastic Optics. Second Edition. Stefan Biumer (Ed.)
Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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6 Coating on Plastics

tures. Because of the importance to reduce surface reflection on plastic optics, sev-
eral modern techniques are discussed in detail in Section 6.5.

Another motivation for coating plastics results from the mechanical and chemi-
cal properties of organic polymers. Coatings are intended to compensate various
disadvantages. Protective coatings should increase the abrasion resistance and
provide protection against chemical attacks. Barrier layers can reduce the gas flow
through or from the polymer part. The requirements to be met by protective
layers, particularly in respect of hardness and scratch resistance, depend strongly
on the kind of application. In addition, coatings can be helpful to modify surface
energy and thus to adjust surface wettability by water or oil. Some examples to
provide such additional functionalities on plastic parts are summarized in Section
6.6. The most important thermoplastics for optical applications are each discussed
separately in Section 6.7. Section 6.8 is focused on test and evaluation tools.

6.2
Deposition Techniques

Conventional coating processes established on glass substrates typically work at
substrate temperatures at about 300°C. An enhanced substrate temperature is
responsible for the activation of the surface and a high mobility of condensing
thin film atoms [7]. Therefore, high-density coatings providing stable optical and
mechanical properties can be obtained. The dependency of thin film growth and
microstructure on deposition temperature is predicted by so-called structure zone
models [8].

Naturally, coating on plastics has to be done at temperatures below their heat
distortion temperature. For most thermoplastics, this means a temperature limit
of about 120°C. Without substrate heating, only porous coatings would be
obtained from most oxide and fluoride thin film materials. Especially fluoride
films evaporated at room temperature do not even pass the least severe tests for
hardness and abrasion resistance. Moreover, the coatings typically show insuffi-
cient adhesion because of the meager substrate activation. Unstable optical prop-
erties during the life of the optical parts have to be reckoned with due to a water
uptake, depending on environmental conditions.

During the last years, important innovations have been established for coating
plastics. The basics of present-day coating technologies are the application of ion
assistance in evaporation processes, the possibility to use cold plasma in chemical
vapor deposition (CVD) processes, and wet chemical coatings that can be cured by
using UV radiation instead of thermal treatment. The corresponding coating tech-
niques are discussed in the following sections.
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6.2.1
Physical Vapor Deposition

Physical vapor deposition (PVD) of oxide materials is still the commonly used
method for manufacturing optical coatings. The term PVD covers a number of
coating techniques, all of them characterized by a transfer process of the thin film
material from a solid phase into a vapor phase at low pressure and the condensa-
tion of vapor as thin solid film on a substrate. The both fundamental process types
are evaporation and sputtering. Several special techniques allow a layer deposition
at low temperatures as required for plastics. The fundamental method to provide
the growing layers with energy is the use of low-pressure plasma, often emitted
by an ion source [9-13].

Evaporation processes are carried out typically inside the closed steel chambers
equipped with evaporation sources, substrate holder, and some measurement
equipment, that is, for the determination of film thickness. The typical pressure
range before the start of evaporation is 10~ to 10"° mbar. The film deposition takes
place at about 10™* mbar. Because of the free way path in this pressure range, the
thin film particles will move to the substrate in a direct linear way without colli-
sions. This is the main condition to achieve a layer thickness with precision in the
range of only a few nanometers as required for optical interference coatings.

An advantage of evaporation techniques is the comparably high deposition rate
achievable for many dielectric materials as well as for metals. Several methods
such as resistive (filament heating), inductive (radio frequency — RF), electron
beam, or laser heating can be used to attain the high temperature required to
vaporize the thin film materials. Resistance heating is often used for the metalli-
zation of plastics. The substrates are placed on the walls of a cylindrical chamber
and aluminum is evaporated from a prolate boat in the center.

High-melting oxides like SiO,, Ta,0s, and AL, O5 can only be evaporated by elec-
tron beam guns. Modern coating systems for optics are equipped with both resis-
tance and electron beam evaporators and additionally with an ion source. As an
example for ion-assisted processes, the plasma-ion-assisted deposition (PIAD)
technique carried out with coating plant advanced plasma source (APS) 904 (Ley-
bold-Optics) is mentioned here [14]. The main components and an exterior view
are shown in Figures 6.1 and 6.2.

During the PIAD process, the growing film is bombarded with argon ions
emitted from the APS with the help of a magnetic field. The ion energy is in a
range of about 60-180 eV. For coating plastics, only values below 120 eV can be
recommended. Apart from the plasma source, the coating chamber consists of a
conventional e-beam evaporation arrangement. For further PVD techniques that
use low-pressure plasma for activation, see Ref. [7].

Magnetron sputter deposition is another method of physically depositing inor-
ganic materials. The coating material is physically knocked off from a target sur-
face and condenses on substrate surface some distance away. This process is driv-
en by the kinetic energy of ions generated in plasma. The source of ions is the
differentiating factor between diverse hardware such as ion beam sputtering appa-
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Figure 6.1 APS 904 conventional batch coating system for optics (Leybold Optics).

Figure 6.2 Electron-beam arrangement and APS ion source of the APS 904
coating system (Leybold Optics).

ratus and a magnetron sputter source. Typically, a high-voltage DC power supply
or, for nonconductive substrates, RF plasma in an argon vacuum system is used.
The plasma is established between the substrate and the target and transposes the
sputtered-off target atoms to the surface of the substrate. For technical basics, see
Refs. [15, 16].

The domain of sputtering is the deposition of coatings with very high density
and a good homogeneity of layer thickness that can be simply controlled by time.
For this reason, sputtering is also commonly used to deposit optical interference
coatings on glass [17, 18]. Because of its comparably high heat and radiation emis-
sions, the sputtering of dielectrics is critical for coating thermoplastics.

Some new concepts use the advantage of high precision for the production of
AR layers on eyeglasses and display covers. Pulsed magnetron sputtering was
applied to deposit AR and HR coatings on PET at 150 °C [19]. “Closed-field” mag-
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Rotating Substrate

Holder Drum

South Magnetron 2 North Magnetron 2
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Cutaway of
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Morth Magnetron 1

Trapped and enhanced plasma

Figure 6.3 Arrangement of closed-field magnetron sputtering [20]. This process does
not need a separate ion source. Adjacent magnetrons are made of opposite polarity
to trap the plasma all the way around a drum.

netron sputtering offers a flexible low-temperature process for optical coatings on
plastics [20, 21]. This process does not need a separate ion source. Adjacent mag-
netrons are made opposite polarity to trap the plasma all the way around the
drum (Figure 6.3). Sputter deposition processes of AR coatings can be preceded
by a PECVD process step that deposits a scratch-resistant layer [22]. The Opticus-
concept of Singulus was developed to exhibit fully automated coating of eyeglass
lenses with a hard coat, an AR layer stack and a clean coat in that way. But, in
2008, this concept was discontinued.

Metal sputter coating systems are well established in the manufacturing of car
lighting and indoor lighting reflectors [23]. Figure 6.4 shows a modern coating
machine that is typically used for wipe-resistant reflector coatings on complex
shaped plastic parts for vehicle headlamps [24]. This machine enables vacuum
metallization by sputtering with PECVD hard coat layers in one process.

Moreover, sputtering is the basic technology in web coaters for flexible sub-
strates. In that case, undesired heating of the polymers can be prevented by cool-
ing the web over a drum [25-27]. State-of the art is RF magnetron sputtering of
ITO on PET and polycarbonate (PC) foil (see Section 6.6.2).
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Figure 6.4 PylonMet VXL reflector coating machine (Leybold Optics).

6.2.2
Plasma-Enhanced Chemical Vapor Deposition

Chemical vapor deposition (CVD) is based on the decomposition and chemical
reaction of gaseous compounds in vacuum near the substrate surface. One of the
reaction products is a solid that precipitates onto the surface forming a thin film.
PECVD techniques use a microwave and/or RF plasma for the activation of the
reacting gases [28, 29]. High temperatures, typical for classical CVD processes, are
therefore no longer necessary. For complex optical multilayers, PECVD processes
do not deliver the same thickness accuracy and homogeneity as PVD processes.
Moreover, the materials suitable as precursors are limited and have to be handled
carefully. An advantage for coating plastics, on the other hand, is the possibility to
produce partly organic coatings with a gradient of hardness and elasticity. The
generally observed better adhesion has been attributed to a more uniform distri-
bution of stress throughout the interface, to the interface mechanical stabilization,
and to the formation of strong covalent bondings [30]. PECVD was successfully
applied to produce Si containing diamond-like carbon films on PC [31]. There are
also efforts in progress to use PECVD for the deposition of siloxane protective
coatings on PC for automotive applications [32].

A special variety of PCVD is plasma-impulsed chemical vapor deposition
(PICVD), developed by the German Schott Hicotec company. In the process, a
gaseous precursor is decomposed by microwave plasma pulses [33]. A short igni-
tion of plasma is repeated many times until the required layer structure has been
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built up. PICVD was proved to be suitable to coat small complex-shaped sub-
strates homogeneously. It was successfully applied in the production of plastic
cold-light reflectors for a couple of years. However, in 2006, the Hicotec facility
was closed.

6.2.3
Wet-Chemical Coating or Sol-Gel Coating

The first patent based on sol-gel processes was granted to Jenaer Glaswerk
Schott&Gen. in 1939. Coatings for AR applications on glass have been commer-
cially produced since the 1960s. The wet-chemical coating is deposited by dip coat-
ing or spin coating on rigid flat or slightly curved substrates. During spin coating,
the coating solution is deposited onto the sample surface and spun off to leave a
uniform layer. Dip coating is a process where the substrate to be coated is
immersed in a liquid and then withdrawn with a well-defined speed under con-
trolled temperature and atmospheric conditions.

Sol—gel process classically involves the use of inorganic salts or metal alkoxides
as precursors. Typical an elevated temperature up to 400 °C is needed for hydroly-
sis and polycondensation to accomplish the network and the chemical decomposi-
tion until the oxide is formed [34]. An alternative way is to combine the properties
of very different materials and produce organic—inorganic composite materials.
Typical examples are organically modified silanes, or the incorporation of organic
molecules into the essentially inorganic matrix [35]. Silicate-based inorganic—
organic hybrid polymers (ORMOCER®s) have attracted considerable attention
due to their optical and mechanical properties [36]. The synthesis comprises a
chemical modification of organic components to covalently attach them to the
inorganic network. The principle of composition is shown in Figure 6.5.

The final polymerization can be performed either photochemically or thermally,
or by a combination of both. The principle possibilities to vary the composition
and the properties of hybrid sol-gel-derived materials are reviewed by Schottner
and Posset [37]. Hard polysiloxanes and related silica-containing formulations

functional
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Figure 6.5 ORMOCER®: principle of composition.
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were developed several decades ago. The coating formulations and coated prod-
ucts are known (e.g., AS4000, AS4700, PHC587 by Momentiv Performance Mate-
rials GmbH, Germany) and sold in large quantities worldwide. However, further
new materials are still in development especially to improve the abrasion resis-
tance of thermoplastics [38]. Most industrial companies involved in the ophthal-
mic lens business produce thermosetting films on top of CR39 and PC by wet
chemical coating [39].

The spin-coating process as the typical deposition process is limited to flat or
slightly curved substrates to achieve a layer thickness precision in the nanometer
range as required for optical coatings. Injection-molded parts of complex forms
are not suitable for this deposition method. Moreover, the preparation of multi-
layers is complex if the depositing and hardening steps have to be repeated many
times. Therefore, AR coatings produced by wet-chemical methods consist of one,
two, or three layers typically. The following single-layer and two-layer systems are
described in patents and literature:

e An alcohol-based inhomogeneous AR layer produced by soaking in acidic or
alkaline etchant to dissolve oxide colloids partly from the layer [40].

* A single composite layer containing organic fluoropolymer for curing at 120°C
[41].

« A single composite layer consisting of fluorine-containing binder-aided colloidal
silica [42].

A single composite layer consisting a porous glass film that does not require
heating or etching [43].

¢ An interference two-layer comprises alkoxide or acrylate compounds of Ti, Al,
or Zn and hydrolysable organic silicon compounds as low-index material [44].

¢ A two-layer AR coating and an NIR reflective coating curable by UV irradiation
containing polymerizable nanoparticles modified with alkoxy-silanes and mixed
with photoinitiator are described in [45].

The application of wet-chemical material for AR is a fast-growing field. During
the last two years, a large number of new sol-gel materials for AR applications
were described in the scientific literature. Techniques to generate the high-index
component by embedding nanoparticles of ZrO, or TiO, into the lacquers play an
important role in this development [46, 47]. AR coatings with additional character-
istics such as hydrophobicity, self-cleaning, and antistatic properties have been
reported [48, 49]. Furthermore, sol-gel techniques are basic for so-called moth-eye
patterns inscribed into hybrid sol-gel-derived polymers forming an AR nanostruc-
tural pattern (see Section 6.5.3).
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6.3
Plasma Effects on Polymers

The interactions between polymers and plasma and ultraviolet radiation taking
place especially in vacuum coating processes but also during hardening of sol-
gels are manifold and can have an influence on the properties of coated plastic
parts. Many review articles and books deal with plasma treatments of polymers
[50, 51], and with plasma deposition of coatings [52-54].

Plasma conditions applied for pretreatments of polymers are normally gas dis-
charges at low pressure [55, 56]. Reactions on polymer surfaces can be caused by
high energy electrons, ions, and neutrals as well as electromagnetic radiation in
the deep ultraviolet spectral range (vacuum UV — VUV, 1< 180 nm) emitted dur-
ing the slowing down of electrons. The treatments cause chain scission, ablation,
crosslinking, and oxidation to a depth of typically 5-50 nm [57]. Mostly, it is very
difficult to distinguish which reactions have been excited by different plasma par-
ticles or by radiation. Which kind of effect dominates is mainly dependent on the
molecular composition of the substrate and can be also influenced by the kind of
plasma applied [58]. Important plasma parameters for a treatment are the plasma
excitation frequency, the gas pressure and composition, and the treatment time.

6.3.1
Effects Caused by UV-Radiation

Electromagnetic radiation at wavelengths below 200 nm has enough energy for
breaking any polymer bond, and for wavelengths below about 120 nm, the photon
energy is sufficient to ionize most organic molecules [59]. But only radiation that
is selectively absorbed by a chosen polymer can initiate chemical effects on it. The
penetration depth of the radiation depends on the absorption coefficient and var-
ies between a few nanometers and some millimeters. Depending on the absorp-
tion properties, electromagnetic radiation may result in interface and surface reac-
tions without influence on the bulk, or in changes of the bulk polymer without
effects on the surface [60, 61].

The polymer radicals formed during plasma treatments are long-lived and typi-
cally react with water or oxygen from the gas background. Plasma treatments are
therefore able to introduce polar oxygen groups even if carried out in inert gases.
Adhesion improvement of coatings has been attributed variously to the improved
wettability.

The degradation of polymers caused by global UV radiation is well investigated
because of the danger of yellowing of many polymer materials [62, 63]. Particular-
ly, PCs are prone to yellowing, whereas polyacrylates are more stable to global
radiation [64—66]. The discoloration is due to photooxidation reactions. Photooxi-
dation and yellowing have also been observed after low-pressure plasma treat-
ments of polycycloolefins [67]. Important for coating processes are VUV radiations
at wavelengths below 180 nm. Argon in the system has primarily VUV emissions
below 160 nm due to energy transfer from excited-state argon metastables to
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hydrogen from water and organic materials, but also higher energy emissions [68,
69]. Many investigations show that crosslinking reactions during low-pressure
plasma treatments are mainly initiated by the VUV radiation [70, 71]. Cross-link-
ing dominates on polymers containing at least one hydrogen atom bonded on
adjoining carbon atoms. This condition is satisfied for thermoplastics like poly-
ethylene, polypropylene, polystyrene, and polyamide. Polymethylmethacrylate
(PMMA) and PC do not belong to that group. Especially for PMMA and other
acrylics, scission of bonds and the formation of weakly bonded layers have been
observed after many different plasma treatments (see Section 6.8.1).

6.3.2
lon Bombardment Effects

Modern PVD processes often use ion sources for substrate activation and the den-
sification of growing films. Besides the radiation effects, the ions typically initiate
etching processes that are associated to changes of surface topography [72]. Figure
6.6 shows the topography of Zeonex plates before and after an ion bombardment
carried out with a Leybold APS ion source. The parameters applied are common
for cleaning and activating glass surfaces before the PVD process starts. A slight
increase in roughness can be observed. However, a noticeable decrease in trans-
mission caused by increased stray light has to be reckoned with only if high-ener-
gy ions and long treatment times are applied. In case of the cycloolefin polymer

Zeonex, the change of topography has no influence on the adhesion properties
(see Section 6.8). In some cases, ion bombardment effects are utilized to create or
assist superhydrophobic (Section 6.7.3) or AR properties (Section 6.5.3).

Figure 6.6 AFM image of an injection-molded Zeonex surface before (a) and
after (b) 300s Ar-plasma treatment applying an ion energy of 80 eV.
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6.3.3
Conclusions for Coating Adhesion

When an adhesive bond breaks at a low applied stress, it is said to have a “poor”
adhesion. The fracture may have occurred exactly at the interface, in a thin layer
close to the interface, or as cohesive fracture in the bulk phase [57]. Correct identi-
fication of the locus of failure is of great importance. If the break occurs cohesively
in a thin bulk layer near the interface, efforts should be directed toward strength-
ening this weak boundary layer rather than increasing the interfacial attraction.
Plasma treatments typically produce polar groups on polymer surfaces. The wett-
ability is therefore always improved to various degrees [73]. An adhesion improve-
ment by plasma treatments has been attributed variously to this improved wett-
ability, surface crosslinking or interfacial diffusion. If poor coating adhesion is ob-
served after a plasma treatment because of a cohesive fracture in the bulk, the
main problem may be the weak boundary polymer layer formed during the treat-
ment. Taking into account the very short treatment times sufficient for the activa-
tion of most polymer surfaces and the danger of formation of weakly bonded
layers, all treatments should be as short as possible.

6.4
Stresses and Crack Formation

Behind the problems resulting from the interactions of polymer surfaces with
high-energy radiation, mechanical coating stresses can make it difficult to pro-
duce coated plastics that do not show cracking or ablation during their later life.
Residual stresses in thin films are due to the mechanical growth stress of the
thin-film material and the thermal mismatch between the film and the substrate
when the system is heated during film deposition and cooled from its fabrication
temperature to room temperature [74, 75]. As known from many studies, the me-
chanical growth stress of thin oxide layers depends mainly on the parameters of
the vacuum deposition process and can be adjusted within a certain range
[76-79]. Even though a lot of investigations into stress in coatings have been
made, less experience exists in the special case of inorganic coatings on polymer
substrates. A differing total stress behavior compared with coatings on inorganic
glass has to be considered for oxide coatings deposited on polymer substrates
because of the difference in the thermal expansions of substrate and film, which
is the origin of high-level thermal stress.

In PVD and PECVD processes, the substrate temperature is determined as the
combination of heat received from the evaporation sources and the plasma
sources used in the process [80]. A gradual increase in substrate temperature dur-
ing vacuum deposition causes a thermal stress gradient across substrate and coat-
ing. To understand the complex stress behavior of coatings on polymer substrates,
the temperature has to be controlled carefully during the deposition process. For
example, the thermal load on a substrate during PIAD results from both the
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Figure 6.7 Development of thermal stresses during ion-assisted deposition of a TiO, layer
onto a polymer substrate: (a) increase in substrate temperature during the evaporation
process, (b) distribution of tensile stresses at the end of the deposition process, and

(c) distribution of the residual compressive stresses after cooling to room temperature.

power of the electron beam gun and the thermal emission of the ion source. The
e-beam power, which depends on the evaporation temperature, melting behavior,
and thermal conductivity of the materials, is much higher for most high-index
materials than for the low-index SiO,. An increase in the maximum temperature
on polymer surface occurs with increasing film thickness at constant ion energy
as shown for an e-beam-evaporated TiO, layer in Figure 6.7 [81].

Due to the fact that the temperature rises gradually during film deposition,
great differences between the stress levels at the coating—polymer interface and
on the outer surface have to be expected. The stress oy, of each thin film segment
of a coating can roughly be calculated using the equation

dath - Ef
dT — 1—w

(a5 — ag), (6.1)

where E;, v, and o are Young’s modulus, Poisson’s ratio, and thermal expansion
coefficient of the film, respectively, and ¢, is the thermal expansion coefficient of
the substrate [77]. The thermal expansion coefficient of a polymer is typically
about 10° K" and at least one order of magnitude higher than for inorganic
layers. It has to be considered in a rough evaluation that a temperature change
during the deposition process may generate a stress component of about 5—
20 MPa K. The stress is tensile during heating and becomes compressive by cool-
ing as demonstrated in Figure 6.7.

More precise calculations are possible by using complex thermal stress models
taking into account the elasticity theory [82-84].
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Figure 6.8 Residual stresses in TiO, layers of various total thicknesses deposited on
(a) silicon and (b) polymer substrates under equal conditions. For layers deposited on
polymer substrates, the influence of the thermal stress component on the residual
stress level increases with thickness.

Residual stress values for coatings deposited simultaneously on silicon sub-
strate and on a polymer substrate are plotted in Figure 6.8. If changes of growth
stress are neglected, all differences between both curves have to be ascribed to the
additional thermal stress component in case of a polymer substrate. Considering
the significant deviations, stress measurements on silicon are inappropriate to
describe the complex properties of coated polymer substrates and to explain, for
example, the cracking of coatings during environmental tests.

Figure 6.9 shows a typical stress cracking observed on PMMA coated with 1 um
SiO,. Although the coatings themselves have compressive growth stress, stress
cracking caused by thermal tensile stress can occur during the deposition of thick
layers on polymer substrates. In Figure 6.9(a), the coating has cracked during the
deposition process because of high temperature (tensile stress cracking). Figure
6.9(b) shows the typical buckling of a coating in form of “wormtracks” caused by a
high compressive growth stress in combination with insufficient coating adhe-
sion. Note that this kind of damage typically occurs if the coating adhesion is low.
The mechanical growth stress of coatings can often be limited by restricting the
film thickness and changing the deposition parameters. Water vapor absorbed in
porous layers after coating may reduce or increase the intrinsic film stress and
affect the adhesion in this way [85, 86]. In case of ion-assisted deposition, a low
level of ion energy (Figure 6.10) and the use of water vapor as reactive gas can be
very helpful to reduce the growth stress [79].
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(b)

Figure 6.9 Stress cracking of inorganic coating deposited on a polymer substrate:
(a) buckling of coating as a consequence of high compressive growth stress and
insufficient coating adhesion and (b) tensile stress cracking caused by different
thermal expansions of substrate and coating.
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Figure 6.10 Compressive growth stress in (a) SiO, and (b) Al,O, thin films as a
function of the ion energy. Layers are deposited by electron beam evaporation in
a PIAD process (APS 904, Leybold Optics; deposition rate 1 nm/s).

6.5
AR Properties

The manufacturing of optical coatings on polymers started about 35 years ago.
The driving force for the development of AR coatings was the ophthalmic indus-
try, and the demand for industrial coating techniques developed with an increas-
ing circulation of plastic eyeglasses.
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AR coatings are a necessity on optical lenses and windows especially if multiple
interfaces between optical parts have to be considered. Their function is to
decrease the amount of radiation reflected and thus to increase the transmitted
amount. The Fresnel amplitude reflection coefficient (r) for an interface between
two media can be represented by the equation

p=— (6.2)

n +n,

where n, and n, are the real indices of refraction of the two media [87]. The inten-
sity can be treated as the square of the amplitude. As a rule of thumb, about 4% of
the perpendicularly incident light will be reflected at the glass—air interface. For
example, an optical system consisting of four uncoated lenses with refractive
index 1.5 shows a transmittance of only 75% because of reflection losses. AR coat-
ings or microstructures that decrease the reflectance below 0.5% for each surface
would increase the transmitted light up to 96%.

Most AR coatings are based on optical interference as explained in Section
6.5.1. Some polymer-typical properties have to be considered for evaluation of an
AR layer stack (coating design). Suitable coating designs for plastics optics are dis-
cussed in Section 6.5.2. Surfaces with inhomogeneous refractive indices for AR
purposes and methods to produce such surfaces will be described in Section 6.5.3.

6.5.1
Optical Interference Coatings

This section briefly reviews some of the basic principles of thin-film design for AR
coatings and should make it easier to get access to the relevant literature. The
term “optical thin film” typically indicates coatings with physical thicknesses in the
range of a few to several hundreds of nanometers. In the optical sense, a film is called
“thin” when interference effects can be detected in the transmitted or reflected light.
An arrangement of multiple layers with well-defined indices of refraction and thick-
nesses that realizes a desired spectral characteristic by interference effects is called a
coating design. For most common applications, it is sufficient to consider absorption-
free thin films at a near-normal incidence of light. For the more general case of
absorbing media with complex refractive indices, see Refs. [87, 88].

Figure 6.11 shows the principle of interference coatings for a single layer depos-
ited on a substrate. When a beam of light is incident on a film, some of the light
will be reflected off the front surface and some off the rear surface. The reminder
will be transmitted. The light reflected off the boundaries interferes constructively
if the path difference is an integral multiple of the wavelength, or destructively if
it is an odd multiple of the half wavelength. The path difference depends on the
optical thickness of the layer and the angle of incidence. The optical thickness is
given by

by = d -1, (6.3)

where d is the physical thickness and » the refractive index of the material.
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Figure 6.11 Schematic image of reflections at a
single layer of physical thickness d deposited on a
substrate.

The reduction in reflectance due to interference phenomena is a function of the
wavelength of the incident radiation and of the angle of incidence of the light on
the surface. The simplest case to obtain AR properties on a material with refrac-
tive index n, at a defined wavelength 4, is to deposit a thin film with lower refrac-
tive index n; and a thickness that is one-quarter of that wavelength (“quarter-wave”
— QW layer). The amplitude reflection coefficient for that case is given by

2
= nghg

— . 6.4
"W e, (6.4)

Perfect AR at one wavelength would be achieved with a quarter-wave layer or
uneven numbers of this layer having the refractive index n;

n; =/ (ny - ny). (6.5)

In practice, by depositing a quarter-wave layer of MgF, with n=1.38, the reflec-
tance of a PC surface (n=1.56) can be reduced to about 1%. A better result with a
single homogeneous layer is not possible because a real material with lower
refractive index is not available.

In order to have an improvement or a broad wavelength range of low reflec-
tance, multiple layers of high and low-index materials must be used to form the
AR design. A double AR coating is able to perform zero reflectance at exactly one
desired wavelength A, (design wavelength). This so-called V-coating shows a nar-
rower bandwidth than the single layer solution and is designated by a quarter-
wavelength (QW) thick layer having a defined medium refractive index followed
by a QW of low refractive index (“quarter—quarter” design). Because of the limita-
tion of practically available materials, the medium refractive index material can be
replaced by parts of high-index and low-index layers. Materials such as Ta,Os,
TiO,, Nb,Os, ZrO,, and SiN (2.0 <ny <2.5) are used as high-index layers, whereas
mainly SiO, (n=1.46) and MgF, (n=1.38) may be used as low-index materials.
Two solutions for this replacement are possible, giving zero reflectance at the
same single wavelength. In Figure 6.12, the performance of a theoretical “quar-
ter—quarter” design is plotted.

Most frequently used broadband AR coatings for the visible spectral range
nowadays are adapted from a “quarter-half-quarter” design, whereby the first QW
layer of medium refractive index is replaced in different ways by parts of high-
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Figure 6.12 AR coatings for glass and polymers (n,=1.5): (a) single MgF, layer,
(b) two-layer coating or “V”-coating, and (c) quarter-half-quarter or “W”-coating.

index and low-index QW layers followed by a two QW (half-wave) thick high-index
layer and a low-index QW layer on top. Most coatings of that type consist of four
to six layers and show typically a performance similar to the letter “W” (W-coating,
see Figure 6.12) [89, 90].

Many other designs for implementing optical interference coatings like dielec-
tric mirrors, filters, or beam splitters are layer stacks that consist of alternating
high-index and low-index layers with a thickness each of one QW at a defined
design wavelength (see Ref. [87]). For those applications, no special design devel-
opments for plastic optics are known up to now.

Much of design work nowadays is carried out by automatic methods using
design software, and this is a very efficient development [91, 92].

6.5.2
AR Design for Plastics

For coating plastics, special requirements have to be taken into account during
generating AR designs:

e The layer materials have to be selected in order to achieve radiation protection
of interfaces or of the bulk polymer depending on the polymer substrate type.

o The layer materials and thicknesses have to be adjusted considering the me-
chanical and thermal film stresses and the total heat development during the
deposition process.

e Process parameters for the materials used have to be suitable to avoid damages
of polymer bulk and interface during thin film deposition.
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e Sometimes changed optical properties of interfacial zones due to plasma treat-
ments have to be taken into account for design calculation.

Designs should be suitable for integrating additional functions like improved
scratch resistance, barrier function, antistatic function, or hydrophobic proper-
ties.

It is supposed that experience to produce high performance AR coatings on
polymers exists mainly in the field of eyeglass coating. Unfortunately, only little of
this very special knowledge is published [93 —95]. Plastic eyeglasses have to pass
strong environmental and abrasion tests to demonstrate their suitability. AR layers
(a quarter-half-quarter AR design is preferred) and hydrophobic top coatings are
arranged on top of several micron thick hard coatings. Usually, the hard coatings
are lacquers based on silanols, or organic modified silica layers applied by vacuum
deposition processes. Thus, hard-coated surfaces act as substrate so that the vacu-
um deposition of the AR coating need not be done onto the more sensitive poly-
mer itself.

The use of evaporated MgF, single layers as an inexpensive alternative to multi-
layer AR coatings suffers from the bad mechanical properties of layers deposited
without substrate heating and the high-level tensile growth stress of MgF,. Some
improvements have been obtained by applying a “soft” ion assistance during ther-
mal evaporation [96], but the coating is not common on plastics today.

The development of AR coatings using wet-chemical processes comprises
mainly single-layer and two-layer systems (see Section 6.2.3). Unfortunately, the
basic research in this field is focused on the coating material rather than the kind
of polymer substrates or optical designing. Only few results are open for publica-
tion.

A new design type named AR-hard® has been developed especially for plastic
optics, to produce AR coatings with high scratch resistance [97, 98]. The basic idea
of AR-hard® is to treat symmetrical layer periods as equivalent layers to replace
layers with unobtainable refractive indices lower than the index of the low-index
material. Each period consists of a very thin high-index layer H sandwiched be-
tween two thick low-index layers L. Figure 6.13 shows this principle schematically.
The equivalent layers build up a so-called step-down design, matching the refrac-
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Figure 6.13 Schematic illustration of
AR-hard® scratch resistant AR coating
showing the arrangement of symmetrical
s L periods that builds up a so-called step-
polymer T—1 H down design of equivalent layers
B ? " (H, high-refractive index material;
L. low-refractive index material).
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tive index of the substrate to that of air. A basic example of this coating is an
arrangement of symmetrical three-layer periods, each having three times the QW
optical thickness (three QWs).

The mathematical relationship between the equivalent index of a three-QW pe-
riod and the respective thicknesses of the single high-index and low-index layers
used to build up such a period has been deduced as a condition for design synthe-
sis [99, 100]. Advantages of the AR-hard® design are the variable bandwidth for
different spectral ranges, adjustable hardness by using layer stacks of different
total thickness, and a colorless residual reflection if desired. Figure 6.14 shows the
residual reflectance available with AR-hard® layer stacks for different bandwidths.
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Figure 6.14 Performance of AR-hard®-coatings for (a) the 400-700 nm visible and
(b) the 400-1000 nm visible/near-infrared range. Both examples calculated without
back surface.

6.5.3
AR Surface Structures

Over the last decade, many attempts have been made to produce broadband anti-
reflective properties applying single layers, in which the refractive index varies
gradually from that of the bulk material to unity. Unfortunately, a bulk material
with a considerably lower refractive index than the substrate index, as necessary
for perfect antireflection of a material with a refractive index near 1.5, does not
exist. The principle to overcome this problem is always the same. An available
low-index material (e.g., glass or silica) is mixed with air on a subwavelength scale
that needs to make a compromise between optical and mechanical properties.
Layers with decreasing effective index from substrate site to air can be performed
by porous sol-gel coatings or by stochastic and periodic surface structures as
shown in Figure 6.15.
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Figure 6.15 Schematic illustration of

(b)  alternatives to achieve AR properties
utilizing a decreasing effective refractive
index from the bulk substrate to air:

(a) porous coating, (b) stochastic nano-

(c)  structure, and (c) periodic moth-eye
pattern.

Antireflective surface structures on polymers may have the potential to be inex-
pensive because they can be replicated by embossing. The spacing of a suitable
array has to be smaller than the wavelength concerned, but the depth is a signifi-
cant fraction of that wavelength. First periodic subwavelength surface structures
with antireflective properties have been observed in nature on the eyes of the
night-flying moth [101]. First technical solutions have been generated by using
the interference pattern at the intersection of two coherent beams of light from a
laser. Today, master structures for surface areas up to about 0.5 m” can be created
in a holographic optical process, and efforts are in progress to increase this area
[102]. Furthermore, microreplication techniques like UV imprinting are in devel-
opment to form periodic AR structures at wafer scale [103].

A plasma-etching process to generate an antireflective structure on PMMA has
been developed recently at Fraunhofer IOF in 2001 [104]. Applying a new proce-
dure that uses a thin initial layer prior to the etching step in different types of AR
structures can now be generated in a shorter period and without limitations on
the type of polymer [105]. Both technologies are labeled with the joint trade name
AR-plas®. Figure 6.16 shows scanning electron micrographs of AR surface struc-
ture generated on PMMA and on Zeonex by plasma etching. The AR properties
for normal and oblique light incidence are much better than obtainable by a com-

Figure 6.16 SEM images of AR structures on PMMA and Zeonex generated plasma etching.
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Figure 6.17 AR properties at normal and at oblique light incidence for
a plasma-etched AR structure as shown in Figure 6.16 for PMMA and
for a typical vacuum-deposited AR coating.

mon interference coating (Figure 6.17). Curved lenses with such structures on
both sides appear colorless and clear.

During the last years, a number of technologies to generate AR nanostructures
have been described in literature, among them, few are given below:

A single porous PMMA film was produced by spin-coating and microphase sep-

aration between two PMMA blocks [106].

Another single porous PMMA film was produced by spin coating of a poly-

styrene/PMMA blend followed by selective etching the PS phase [107].

¢ A polymer spin coating containing silica spheres was ion etched to achieve a
master structure for replication [108, 109].

e Stochastic nanostructures suitable for AR were generated directly on the tool

for hot embossing by an anodic oxidation process of an oxide or metal layers
deposited on the tool [110].

o A PMMA latex with AR properties was synthesized by emulsion polymerization
of methyl methacrylate and spin coating [111].

6.6
Additional Functional Coatings

6.6.1
Mirrors

The metallization of hot-molded polymer surfaces is a common method to pro-
duce front surface and back surface mirrors as well as beam splitters. One of the
most popular applications of metalized thermoplastics is injection-molded reflec-
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tors for automotive headlights. Aluminum and silver are the best reflector materi-
als in the visible range, and gold is a good reflector in the infrared range. A good
metallic film will completely reflect or absorb the incident light if it is about 100
nm thick, whereas thinner films are partly transparent.

Frequently discussed in the literature are procedures to provide a good adhesion
of the metallic layers to special polymers. Nonstoichiometric oxide interlayers of
chromium and silicon as well as many different plasma treatments are mentioned
[112-115]. In fact, the formation of covalent bonds between atoms of the polymer
structure and a metallic atom is the most widely accepted mechanism for high
adhesion forces [116-118]. Thin dielectric layer stacks deposited on top of metal
layers are common to enhance the reflectivity in a certain spectral range and to
prevent chemical and mechanical attacks (Figure 6.18). Typical materials to pro-
tect aluminum layers onto a polymer from atmospheric corrosion substrates are
SiO, and its organically modified compounds [23].
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Figure 6.18 Metallic and dielectric mirrors: (a) single-layer aluminum, (b) enhanced
mirror consisting of a metallic layer and a dielectric two-layer stack, and (c) multilayer
(HL)&8H consisting of alternating quarter-wave oxide layers of high and low refractive index.

The metal reflecting layers suffer from a considerable absorption loss. Pure
dielectric mirrors are common on glass optics. They consist of alternating oxide
layers of high (H) and low refractive index (L) that form a QW stack. This is
because the beams reflected from all interfaces are of equal phase when they
reach the front surface. They therefore combine constructively. Depending on the
number of the HL layer pairs, a reflectivity higher than 99.5% in a small spectral
range can be achieved as shown in Figure 6.18. The physical thickness of dielec-
tric mirrors is typically in the range of several microns. Because of problems with
adhesion and stress-cracking, they are not often produced on thermoplastics. One
example is a cold conversion reflector on ULTEM plastic substrate developed by
OC Oerlikon Balzers, Ltd. [119].
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A new generation of mirrors consists of multilayer polymer film [120]. Up to
several hundred polymer layers with alternating refractive indices are attached to-
gether and stretched to become increasingly thinner until a desired interference
effect is achieved. Such mirrors can reach a reflectivity greater than 99% of both
incident polarizations at all incident angles over a wide wavelength band.

6.6.2
Electrically Conductive and Antistatic Layers

Electrostatic dust attraction and fingerprint soiling can cause significant problems
for plastic optics. The most common transparent thin film material used to imple-
ment a sufficient conductivity is indium tin oxide (ITO). While it is typically
deposited at a higher temperature, various processes have been developed for
coating plastics including ion-assisted deposition [121-123] magnetron sputtering
[124-127], and sol-gel processes [128]. It was found that a maximum surface resis-
tivity of 10"°Q sq.” is required to prevent a notable airborne dust attraction. A
thin ITO layer to provide the enhanced conductivity can be provided at the base of
a design incorporating at least 1000 nm of over-coating silica without significant
degradation of the electrical properties. The placement of an ITO layer within the
AR stack can therefore be optically accommodated [129]. Low-resistivity transpar-
ent coatings on polymer substrates are required for EMI shielding of plasma dis-
plays and as electrodes. ITO-Ag-ITO layer stacks have been optimized to have
sheet resistances below 16Q sq.” with total light transmissions over 80% at
550nm [130]. Nowadays, the development of cold deposition processes for ITO
and indium zinc oxide is mainly driven by the development of OLEDs. Typical
substrates are PC and PET foil [131, 132].

6.6.3
Hydrophobic Topcoats

To reduce the fingerprint problem on AR-coated plastics, so-called topcoats have
been developed that are typically used on plastic eyeglasses today. The layer on top
of the AR coating, just a few nanometers thin, typically consists of fluorine-con-
taining silanes or siloxanes (fluoroalkyl silanes). These materials form layers pro-
viding water contact angles up to 120° and contact angles to hexadecane up to 80°.
Hydrophobic and oleophobic topcoats should make it easier to remove fatty fin-
gerprints. The state-of-the-art technique is vacuum evaporation of the organic pre-
cursors from a ceramic target [133, 134] as well as dip-coating procedures
[135-137] on top of the AR-coated surface. Topcoats that do not contain fluorine
are slightly less efficient but can be produced cost effectively by a short plasma
polymerization process using organosilicone compounds, that is, hexamethyl-
disiloxane. Super- (or ultra-)water-repellent polymer surfaces with water contact
angles higher than 150° can be obtained by depositing hydrophobic materials
(mostly fluoroalkyl silanes) onto a number of different nanostructured or micro-
structured surfaces [138]. Probably all structured surfaces as discussed for AR pur-
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poses in Section 6.5.3 are additionally suitable for generating superhydrophobic
surfaces. A new hydrophobic hard coating produced by sol-gel process is
described in [139].

6.7
Coating Experiences with Different Thermoplastics

In principle, the group of transparent rigid polymers that can be replicated to opti-
cal parts comprises many types of acrylics, PCs, polyamides, polyether sulfones,
polystyrene, polycycloolefins, and others. But for most of them, publications that
would describe their properties for coating do not exist. Only acrylic and PC are
well investigated with regard to their behavior to plasma treatments and vacuum-
coating processes. Experience regarding these materials is discussed in Sections
6.7.1 and 6.7.2. The information shown in Table 6.1 summarizes some experience
gained by the author. The results are validated for the PIAD process applying e-
beam evaporation for the deposition of optical interference coatings. More recent
transparent thermoplastics like polycycloolefin polymers and copolymers (types of
Zeonex™ [140] and Topas™ [141) are very interesting for coating [142]. It is esti-

Table 6.1 Suitability (+ + +, very good, ~, unsatisfactory) of
selected thermoplastic materials for vacuum coating taking into
account the adhesion properties and the environmental stability
of dielectric layers deposited by electron-beam evaporation
(broadband AR-coating, PIAD process).

thermoplastic polymer supplier suitability
PMMA 6N, 7N, 8N Evonik ~
Plexiglas HW55 Evonik ++
Pleximid 8817 Evonik ~
Makrolon CD2005 Bayer MaterialScience ++
Makrolon LQ2847 Bayer MaterialScience ++
Lexan LS2 GE Plastics ++
Apec HT9351 Bayer MaterialScience +
Grilamid TR55LX EMS-Grivory +++
Trogamid CX7323 Evonik + 4+
Ultrason E 2010 BASF AG +++
Zeonex 480R Nippon Zeon +++
Zeonex E48R Nippon Zeon +++
Zeonex 330R Nippon Zeon ~
Zeonor 1020R Nippon Zeon +++

Topas 5013 TOPAS advanced polymers  + + +
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mated that these materials have the potential to replace especially PMMA for pre-
cision optical applications where complex interference coatings are required.

6.7.1
Polymethylmethacrylate

PMMA is the main thermoplastic material for optical applications. For vacuum
coating, however, this material is the most problematic. Many different plasma
treatments have been investigated for PMMA [143-147]. Exposed to VUV radia-
tion, PMMA shows a degradation behavior that depends strongly on the wave-
length of irradiation. Photons with energies of about 8.5 eV (145 nm) cause a
split-off of the methylester group, whereas radiation below this wavelength can
break the main polymer chain [148, 149]. Every uncontrolled exposure to plasma
generates weak boundary layers of decomposition products on the surface that les-
sen the adhesion of subsequently evaporated layers dramatically. Some strong
plasma treatment conditions are able to remove the ester groups nearly complete-
ly and create a polyolefine-like surface composition. These treatments have been
described to improve the coating adhesion on PMMA [150-152].

Adhesion layers described in patents for PMMA coating comprise organic com-
pounds [153-155], silicon oxides [156—158], as well as thin metal layers [159, 160].
To enhance the adhesion of sputtered metal layers, plasma treatments using a
CH,/Ar mixture [161] or CO, [162] as reactive gases have been used. A new pro-
cess suggested the deposition of a VUV protective layer without any presence of
plasma. In a second step, optical interference coatings are deposited on this base
layer with plasma assistance [163].

Further coating results obtained for PMMA are specified in Sections 6.2.3 and
6.5.3.

6.7.2
Polycarbonate

PC of bisphenol A (Makrolon™, Lexan™) is especially important for automobile
applications because of its high fail-safety. On the other hand, the material is very
soft and sensitive to scratches. Various efforts are under way to develop scratch-
resistant transparent layers. On automobile parts and eyeglasses, one scratch-
resistant sol-gel coating based on a highly filled nanocomposite material with sur-
face-modified AIOOH nanoparticles is applied below many different wet-chemical
coatings. A haze value of about 10% is reached using a 5-um-thick layer and a fil-
ler content of about 40% [164]. Protective coatings on PC based on silica and sil-
oxane (hexamethyldisiloxane or tetraethoxysilane) can be obtained by applying
different PECVD processes [165-167] and ion-assisted deposition of silica [168].
Optical coatings produced by PECVD that consist of SiN, and SiO, are described,
as well as classical oxide layer stacks [52, 169-171]. Different plasma treatments
are successfully applied to increase the coating adhesion on PC [32, 86, 172, 173].
In fact, there are fewer problems with coating adhesion on PC compared with
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PMMA. But, the chemistry of PC due to plasma and UV radiation interactions is
very complex [174, 175]. During plasma treatment, both basic processes, crosslink-
ing and degradation, can occur that make the adhesion stronger or worse.

For outdoor applications, coatings on PC have to be protected against UV radia-
tion to prevent a later gradual destruction of the interfaces. This problem is signif-
icant and sometimes underestimated. PC is quite sensitive to radiation at wave-
length above 330 nm [174]. Evaporated coatings without UV-protecting function
lose there adhesion after some days of weathering. TiO, thin films do not provide
sufficient protection [176]. Suitable UV protection coatings for PC contain organic
absorbers (as component of a lacquer or of a vacuum coating [32]), ZnO, [177] or
reflect the damaging wavelength range [176].

6.8
Test and Qualification Methods

6.8.1
Optical Properties

In general, methods to evaluate optical properties like transmission, reflection,
and absorption are the same for plastic optics as for glass optics. Suitable instru-
ments are the commercially available UV-visible spectrophotometers [178]. A sam-
ple is placed in the UV/Vis beam and a graph of the transmittance or reflectance
versus the wavelength is obtained. Optical constants of thin films can be calcu-
lated from the spectrophotometric or ellipsometric measurements by applying dif-
ferent physical models as described in the basic literature [179, 180]. Care has to
be taken if a spectrophotometer works with partly polarized light. Most of molded
polymer parts are able to circle the area of polarization because of anisotropically
distributed internal stress during manufacturing. Measured transmission values
would be different on different positions on a sample. Sometimes, the refractive
index of polymers is influenced by processing parameters of the molding process.
High-resolution refractive index and index anisotropy can be characterized by m-
line spectroscopy [181, 182].

6.8.2
Adhesion

The characterization of coating adhesion is fundamental in the process of develop-
ing high-quality coatings as described in detail in Section 6.3. Generally, the
apparent adhesion is determined by applying an external mechanical stress. Most
common adhesion tests are the tape-peel test, the pull test, and different scratch
tests.

In the pull test, a stud is glued onto the sample surface and removed in vertical
direction while the failure force is measured. The test is specified in comparable
terms in the international standards MIL 883, ASTM D4541, and EN ISO 4624.
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The main problems in applying this test to rigid thermoplastics coated with inor-
ganic layers are interactions between the adhesive or solvents inside it and the
coated system; such problems can never be excluded.

The mostly applied tape-peel test can be carried out as a “pass/fail” test (EN ISO
9211, ASTM D1876), or as a six-step classification test if applied on a right angle
lattice pattern (cross-cut test according to EN ISO 2409 or ASTM D3002). Note
that the numbers 0-5 for evaluating the result are defined in opposite directions
in the ASTM D3002 (5 for best adhesion) and EN ISO 2409 standards (0 for best
adhesion).

For coated polymers, it is suggested to make a microscopic inspection of the
tested sample area to identify the location of failure in the interface, either in a
near-surface region or in the bulk polymer. Examples are shown in Figure 6.19.

Figure 6.19 Microscopic and SEM images of a coated PMMA surface after tape-peel test
carried out on a cross-cut: adhesion loss because of cohesive fracture in the polymer phase.

Some other very special measurements have been developed for testing the
adhesion of brittle films on flexible substrates including the investigation of the
cracking behavior [183] or electrical properties [184]. In general, adhesion tests are
used as comparative tests immediately after coating deposition. Taking into
account slow changes of film stress and chemical changes possibly initiated dur-
ing the deposition process, adhesion tests on coated polymers should be repeated
after environmental testing as well as after a given storage time.

6.8.3
Environmental Durability

Environmental tests for coating plastics have to be specified deliberately, taking
into account the conditions of application as well as certain polymer-typical prop-
erties. In many cases, it is not adequate to adopt test procedures that have been
defined for coated glass optics. If a polymer part is coated with an inorganic layer,
temperature changes cause comparatively high-level thermal stresses on coatings
and substrates (see Section 6.4). Crack formation as a consequence depends on
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the total linear expansion and, therefore, the geometry of the coated part. Environ-
mental tests for plastic optics therefore have to be carried out on the original part
rather than on standardized sample sizes. Furthermore, test conditions especially
for long-term properties have to take into account the durability of the polymer
material itself. For example, during a long-term test at an elevated temperature,
polymer additives may diffuse to the interfaces and damage them without any par-
ticipation of the coating itself.

Besides the common climatic test conditions (e.g., high humidity and tempera-
ture cycling according to ISO 9022 or MIL-C-675), outdoor applications especially
require the testing for resistance to global radiation, which contains UV radiation.
For plastic eyeglasses, the so-called quick UV test (Weathering-QUV ASTM
D4329, D4587, ISO 4892) is very common. During the test, cycles during storage
at high humidity alternate with the condition where the sample is exposed to
strong UV irradiation. The test conditions may be stronger than necessary for
much optics made of thermoplastics but can be helpful during the development
of high-quality coated parts.

6.8.4
Abrasion and Scratch Resistance

Abrasion resistance is of considerable importance especially for many plastic
optics and yet extremely difficult to define in any term. Abrasion resistance is a
combination of factors such as hardness, packing density, elasticity, adhesion, and
others. On polymer surfaces, a thin inorganic film may act like an eggshell. Espe-
cially the results of scratch tests that use a spiky scratch pin are dependent on the
total thickness of coating more than on physical hardness. However, hard coatings
on soft plastic surfaces like PC are often characterized by using nano-indentation
tests, scratch tests, and the pencil hardness test [185-188].

Various standard tests involve a pad that is drawn under a controlled load for a
given number of strokes. The “scratching” media involve soft clothes as well as
rubber and steel wool. But, most tests suffer from the fact that they do not give a
measurable value of abrasion resistance. In most cases, the test sample is visually
compared with a number of standard samples and ranked. The main techniques
generally accepted by industry are the Bayer testing [129] and the Taber Abraser
test. The Taber Abraser test produces a crosswise surface damage that can be eval-
uated by the modified scattering level (“Haze,” ASTM D1003). For high require-
ments concerning mechanical strains, as are typical for eyeglasses, for example, it
is common to define combinations of tests that should simulate the real situation
of application as well as possible. Some standardized test conditions and suitable
applications are summarized in Table 6.2.
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Table 6.2 Standardized test methods for abrasion resistance and

scratch resistance suitable for coated plastics.

test method/standard

short description/comparability

eraser Test; ISO 92114
“Optics and optical instruments — optical
coatings, part 4: specific test methods”

Taber Abraser Test; ASTM D 4060
“Standard Test Method for Abrasion Resistance
of Organic Coatings by the Taber Abraser”

falling sand abrasive test; ASTM D 968
“Standard Test Methods for Abrasion Resistance
of Organic Coatings by Falling Abrasive”

air blast abrasion test; ASTM D 658
“Standard Test Method for Abrasion Resistance
of Organic Coatings by Air Blast Abrasive”

scratch test; ISO 4586-2

“High-Pressure Decorative Laminates, Part 2:
Determination of Properties — Resistance to
Scratching”

pencil test; ISO 15184
“Paints and varnishes — Determination of film
hardness by pencil test”

moderate abrasion with cotton cheesecloth
severe abrasion with standard eraser

20-100 strokes with force: 5-10 N
qualitative classification into stability classes
comparable to parts of MIL-C-48497A

abrading the surface by rotating the panel
under weighted, abrasive wheels

evaluation by “haze” measurement (scatter-
ing of light as it passes through a transparent
material)

comparable to ISO 9352

comparable to ASTM D1044 (specifies the
weight loss as measuring quantity)

falling of an abrasive (or silicon carbide) from
a specified height through a guide tube onto
the coated sample

measuring quantity: amount of abrasive used
per unit film thickness (abrasion resistance)
comparable to ISO 3537 (uses silica sand and
evaluation by “haze” measurement)

abrasion produced by an air blast of abrasive
on coatings applied to a plane, rigid surface
measuring quantity: amount of abrasive used
per unit film thickness (abrasion resistance)

circular scores applied by a motorized dia-
mond stylus subjected to a known load
scratching resistance: distance between
scores over which flaking occurs or load at
the first visible scratch

establishing the hardest of 20 pencils that
does not mark the coating (“Pencil Hard-

ness”)

comparable to ASTM D 3363 (14 pencils)

6.9
Summary and Outlook

The development of optical coatings on plastics is subjected to an enormous pres-
sure from applications. Under the conditions of globalization, the time to develop
a new marketable product becomes shorter and shorter. The introduction of easy-

189



190

6 Coating on Plastics

to-form polymer materials becomes important for cost saving in the production of
consumer electronics and automobile parts as well as of complex-shaped, high-
end precision optical parts. In addition, the development of coating technologies
for plastics is driven by the growing field of organic electronics (i.e., OLEDs).

From the viewpoint of the material sciences, organic—inorganic hybrid materials
and corresponding gradient layers offer the most promising properties to imple-
ment hardening coatings on soft plastic surfaces that are also durable under cli-
matic changes for a long time. Sol-gel techniques as well as several vacuum coat-
ing techniques are, in principle, capable of producing such coating materials. Sol-
gel coating techniques also provide a potential for mass production. New materi-
als with hard inorganic nanoparticles inside the wet-chemical coatings have been
launched during the last few years. In addition, the part of wet-chemical coating
for AR purposes has been increased.

Vacuum coating is still the most appropriate technique up to now to produce
high-end optical interference coatings on glass and plastics. It is the reliable way
to achieve the required high layer thickness precision in the range of 1 or 2 nm.
The use of different low-pressure plasmas to assist the processes has become quite
common. Plasma treatments are applied to modify the layer materials in a desired
way. At the same time, various interactions with the polymer surfaces have to be
taken into account. To minimize the risk and to reduce development costs for the
optical part, applications that need complex coatings are focused on those poly-
mers that provide the highest process stability. For example, lenses for scanner
applications are made from Zeonex rather than from PMMA because of easier
coating conditions.

The application of nanostructures (“moth-eye structures”) is a suitable alterna-
tive compared to coating procedures, where AR properties in the visible spectral
range are required and where soft surfaces are not the problem. The optical prop-
erties of structured polymer surfaces are often superior compared with that of
coated parts. Several new techniques to produce AR structure are in development.
The hot embossing of AR patterns has proved to be highly cost-effective especially
for mass production.

Presently, there is a demand for techniques to implement multifunctional opti-
cal interference coatings on rigid plastic parts with medium size in mass produc-
tion. For example, there is no cost-effective technology available to realize scratch
resistant AR coatings on complex-shaped dashboard covers made of PC. Reactive
magnetron sputtering may become more important for coating plastics. The sput-
ter provides an area source that is ideal for scaling processes to any production
volume. Particularly, for applications where glass is to be replaced by plastics in
order to reduce product costs, expensive coating processes are counterproductive.
In the coming years, this demand may give new impulses to the industry for the
further advancement of coating machines suitable for plastic optics.
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7
Production of Optical Components Using Plastic Injection
Molding Technology

Thomas Walther (Arburg, Lossburg, Germany)

7.1
Introduction

Optical systems made of transparent plastics stand in strong economical competi-
tion to their glass counterparts. Because of the technological advantages that plas-
tic materials offer, they are increasingly gaining ground over glass materials in
the field of optical applications. The potential for substitution results from the
large range of freedom these materials offer with regard to design of the optical
function surfaces, integration of multiple functional parts, integration of frames
or fixing elements, low material costs, as well as low specific weight.

Using the injection molding technology, high-quality products can be manufac-
tured at a comparatively reasonable price in only one processing step. With the
suitable mold and machine technology, functional optical components can be
encapsulated with frame or fixing elements of compatible transparent or nontran-
sparent materials using multicomponent injection molding technology, to pro-
duce an assembly of components made of different materials with varying charac-
teristics at an economically reasonable price. Besides the injection molding tech-
nology, it could be necessary to use the injection compression molding (ICM)
technology, also called compression injection molding or coining.

The method of manufacture is to be regarded on a holistic level because a high
degree of expertise is required in various fields of technology. In the design and
development stage of the components, calculation methods and the plastic materi-
als to be used are of prime importance. The shaping process requires expertise in
mold technology and injection molding technology whereby here the focus is on
the injection molding machine and the suitable processing methods. Beyond this,
profound knowledge in metrology is vital for lasting quality assurance.

For manufacturers of injection molded parts, optical components are a particu-
lar challenge, because in addition to the usual dimensional stability, the optical
functions are also relevant.

This documentation starts with a brief introduction to the techniques of plastic
injection molding, followed by an explanation of the range of demands placed on
these techniques by the varying optical components. The complete, relevant pro-
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cess chain is then introduced before defining the processing technology in more
detail, in particular the use of ICM and the relevant machine concepts.

7.2
Plastic Injection Molding

The technology of plastic injection molding is a discontinuous process. In addi-
tion to the injection molding machine, a mold is required with a cavity in the
respective form (Figure 7.1). The cavity is the negative form of the part to be pro-
duced.

The mold consists of two halves which when closed are joined together in the
so-called parting line. This separation of the two mold halves makes it possible to
access the cavity when the mold is open to eject the part. To fill the cavity when
the mold is closed, sprue channels are worked into the mold. Depending on the
requirements and size of the part, a mold can have one or multiple cavities.

The injection molding machine consists mainly of a plasticizing unit for pro-
cessing the plastic material and a clamping unit with two mounting platens for
accommodating the mold.

Injection moulding :&
machine / R e

Material

granules

Mould

Power and
cooling water

Moulded Part

Figure 7.1 The principles of injection molding.

An injection molding cycle is distinguished by various processing steps (Fig-
ure 7.2). At the start of the cycle, the mold is closed and the clamping force is built
up. With the aid of the plasticizing unit, a thermoplastic material, which is fed to
the machine in granular form at room temperature, is heated and processed to a
hot, viscous plastic melt. Depending on the type of plastic material used, the tem-
perature of the molten plastic can range between 180 °C and 320 °C (356-608 °F).
In the injection phase, this hot melt is introduced under pressure into the cavity
of the closed mold.
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Inside the mold, the melt cools down until the plastic reaches a dimensionally
stable state. The immediate shrinkage in volume that occurs as a result of this
cooling down phase can be compensated during the holding pressure phase until
the injection point is sealed.

The holding pressure phase is followed by the cooling phase that continues
until the part has reached a sufficiently stable state for demolding. During this
time, the material for the next cycle is processed inside the plasticizing unit. At
the end of the cooling phase, the mold is opened and the part is ejected or
removed.

U I Al
Cycle start
N/
P e==mma =1 moucosing
Injection phase
(cavity filling phase)
T 7
Holding pressure phase
(compression phase)
%ﬁl——u—l Cooling time, plasticizing
process for next cycle
B, Bessmm-= "o
|_ part ejection

Figure 7.2 Phases of an injection molding process.

After demolding, the part cools down to room temperature. During this time,
further shrinkage effects can occur, depending on the type of plastic material.

Material-specific p-V-t diagrams show the relationship between the specific vol-
ume and the temperature and pressure.

7.3
Classification of Optical Components

In the field of injection molded parts, the term “optical components” includes a
wide range of various types of products with different requirements. An important
characteristic is the transparency for visual light. In the following classification,
which is not deemed to be complete, examples are listed that explain the require-
ments placed by the varying applications on the processing methods of injection
molding.

The components can be grouped according to their application. We differentiate
between “nonimaging optics” and “imaging optics,” whereby generally speaking
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nonimaging optics are referred to as “lighting optics” and imaging optics as “pic-
ture-processing optics.”

For both groups, the absolute transparency and clarity of the component is a
prerequisite.

Nonimaging optics include, for example, automotive head lamp glazing or
watch faces, whereby importance is placed on the outer geometry and the trans-
parency of the component. Light conductors are a similar case; here light is picked
from a light source and transported.

With imaging optics, light rays are also transported, however, in a controlled
form. For the fulfillment of the optical function, the refraction index of the materi-
als used is decisive. A highly precise image of the outer layers at which light is
coupled in and out is required, that is, the highest possible imaging accuracy
must be achieved. In addition, inner tension can affect the transport of rays and
thus impair the quality of the part. This means that instead of the outer geometry
deciding the quality of injection molded parts, as is usually the case, the optical
function becomes more important, the quality of which must also be assessed.

One characteristic that is particularly important in the processing of plastics is
the wall thickness of the part, see ordinate of Figure 7.3. The wall thickness deter-
mines the cooling time required in the injection molding process until the plastic
reaches a dimensionally stable state. It thus has a decisive influence on the shrink-
age effects.

When designing a component, the first goal is usually to achieve the function of
the part. The wall thickness should be as low and evenly distributed as possible,
in order to be able to control the shrinkage effects.

Projector
Magnifying | Lightand | Lighthouse lenses, |
glasslenses | rain sensors optics spectacle lens
blanks
@
E Dacorative Camera
= optics, Automotive lenses
& light Sunglasses glazing spectacle
bl|| conductors lenses
Advertisement S ey Sl Ruler, optical
; angle faces, ;
glazing sensors mirrors EaA SN
) Nen-imaging optics [ Imaging optics

Figure 7.3 Classification of optical components.

As a rule, the technical aspects of the plastic materials are not decisive in the
design of optical components. Their functionality is derived from the ability to
conduct the light in the material. Thick-walled parts and parts with big differences
in wall thickness are the result of this ability.
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For the injection molding process, this means comparatively long cycle times
and the monitoring of warping and shrinkage becomes a challenge. The shrink-
age effects must be considered as early as the design stage so that the final geom-
etry of the parts actually corresponds to the specified geometry.

In the abscissa in Figure 7.3, process requirements are listed in increasing
order.

Because of the requirement of the highest possible imaging accuracy, together
with the side effects of thick-walled parts, a comprehensive know-how is of vital
importance in the entire process chain. The classical injection molding method
using conventional methods of mold temperature control reaches its limits. Var-
iothermic mold temperature concepts and ICM technology with all its variations
are finding increased application.

7.4
Process Chain of the Injection Molding of Optical Parts

In the manufacture of high-quality optical components, it is essential to observe
the process chain and the system technologies involved as a whole. For this pur-
pose, profound knowledge of each process step in the process chain must be avail-
able or acquired.

The process chain comprises, besides the actual injection molding process, in
which the mold and machine are of prime importance, the material conditioning
as well as downstream operations such as part removal, quality assurance, and
other subsequent processes (Figure 7.4) These can be coating, assembly, or pack-
aging processing designed to finally achieve a manageable product.

Injection QA and
Material Mold Molding Automation - downstream
Machine processes
Injection molding process

Figure 7.4 Process chain.

7.4.1
Basic Rules: Cleanliness and Repeatability

Any form of soiling, inclusions, or streak formation in transparent parts is imme-
diately recognizable and therefore evaluated as a quality-impairing fault. Tracking
the cause does not always lead to definite findings. For this reason, absolute clean-
liness and reproducibility must take top priority in all process steps.

Every potential for contamination must be eliminated or minimized. Top-level
clean room conditions will only be required in the rarest of cases; however, some
measures derived from the requirements for clean-room technology could well be
beneficial.
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7.4.1
Material and Material Feed

With regard to available materials, the processor has not much leeway. The optical
and mechanical characteristics of the raw material are adapted to the particular
application. Nevertheless, there are some differences. For instance, some material
manufacturers offer special charges with “optical grade” rating, in which a high
level of purity and dust-free content is guaranteed at this stage already.

An excessive dust content can cause problems because dust particles have dif-
ferent melting characteristics from the material or cannot be melted down at all.
They are then transported in the melt and can be deposited as impurities under
certain circumstances.

It is important to ensure that both the granule drying system and the conveying
system are dust-proof and that they (a) do not exercise an abrasive effect on the
material and (b) cannot suffer any erosion from the material they are conveying.
The distance from the material hopper to the screw feed opening should be short
and easy to navigate. Designs in which an enclosed circuit is used are particularly
suitable. The processing air used in the systems must be finely filtered and free of
contaminants.

These are the critical requirements for keeping the melt free from dust and
impurities.

7.4.2
Mold

High-precision optical components require a respectively superior mold technolo-
gy to withstand the long, high-pressure holding pressure phases and high mold
temperatures involved. The mold must therefore be designed and constructed
with sufficient stability. For mold construction, corrosion resistant mold steel is
used as well as standard mold steel with chemically deposited corrosion protection
coatings.

The high-precision functional areas are usually realized in the form of
exchangeable mold inserts (Figure 7.5). The surfaces of these, as in the case of
free-form designs, lens arrays, or reflector prisms are usually produced with dia-
mond machining equipment. In spite of the inserts being interchangeable, an
effective temperature control must be guaranteed. Molds for optical parts are to
be regarded under the aspect of clean-room technology. Here the basic rule is to
minimize unnecessary surfaces, which would be subject to contamination. Elec-
tric and hydraulic supply lines and temperature-control hoses must not be
dragged along with the opening and closing movements of the mold. In order to
keep the mold supply lines short, suitable interfaces are provided on the moving
mold mounting platen of the injection molding machine (see Figure 7.6).
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Figure 7.6 Direct connection to the supply lines.

Mold temperatures and information from the sensors are recorded in the
machine controller and are monitored. For this purpose, the data of the mold tem-
perature devices are transferred to the machine control system via standard inter-
faces and are used for QA evaluation. To increase the safety of the process, flow
monitoring of the temperature control fluid is recommended, as well as the opera-
tion of a fluid evacuation system prior to insert changes or mold removal.

The injection compression technology (main/auxiliary axis coining) used for
the technical requirements of each machine is specified by the construction of the
coining mold.
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7.43
Injection Molding Machine

With regard to the general machine concept and the machine technology involved,
there are no typical aspects for optical applications. Suitable machine concepts are
derived from the size of the part to be produced, the clamping force, the mold,
and processing technologies required.

7.43.1 Design of the Machine

The decisive aspect determining the size of the machine is the mold. The size of
the mold and the clamping force requirement determine the mounting dimen-
sions and clamping force and thus primarily the size of the machine. When calcu-
lating the clamping force requirement, the often large wall thicknesses must be
taken into consideration because these require a longer and stronger holding pres-
sure.

The injection unit is a module that can be chosen to match the individual
requirements. The criteria for this are the shot weight, raw material to be used,
the expected cycle time, and the required injection force.

The shot weight and the expected injection pressure are relevant for the choice
of screw diameter. The process-relevant shot weight should ideally lie between
20% and 80% of the maximum possible output of the screw diameter selected.
The dwell time of the plastic melt in the screw can be determined by the screw
diameter and the cycle time. This must be kept within the range recommended
by the manufacturer of the raw material [2, 3].

In actual practice, it is often necessary to reach a compromise in order to
achieve the recommended dwell time. Thick-walled parts require longer cycle
times, which means the melt stays longer in the plasticizing cylinder (Figure 7.7).
Too long dwell times can lead to thermal oxidation, which is noticed by an increas-
ing yellowing discoloration of the material. This impairs the quality of the fin-
ished part. Furthermore, the risk of contamination of the melt is increased.
Decomposed and discolored particles are transported in the melt and are visible
in the finished parts as “black spots.”

Figure 7.7 Plasticizing components.
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For the components of the plasticizing unit, that is, cylinder module, screw, and
check valve, only highly wear-resistant materials are used as a rule. Typical trans-
parent plastic materials such as polycarbonate have the tendency to stick to the
plasticizing components. To counteract the possibility of deposits that could also
appear later in the finished parts as “black spots,” the screw and check valve are
coated with resistant layers of a hard material. For this purpose, physically applied
layers of chromium nitride or titanium nitride are used [6].

7.43.2 Machine Technology

Basically, the production of optical components is not bound to a certain machine
technology. Injection molding machines equipped with today’s standard of tech-
nology, that is, processor-controlled control systems and the respective sensors ful-
fill the necessary stipulations for a reproducible injection molding process.

When injection compression processes are to be applied however, additional
requirements must be met. With regard to the drive technology, the required coin-
ing function must be realizable and the machine control system must be
equipped with the respective options.

7.43.3 Equipment Installed on the Machine
In a few cases, clean-room conditions are required for the production environ-
ment of optical components.

In order to guarantee such a production environment, options from the clean
room technology sector are applied.

Examples of clean-room measures (Figure 7.8) :

e Clean-room flow box over the clamping unit to avoid contamination in the vi-
cinity of the cavity.

 Higher machine feet to facilitate cleaning under the machine.

e Short supply lines to the mold temperature control device by installing the hose
connections on the machine side directly on the mounting platens.

e All machine parts painted in light colors to facilitate recognition of soiling.

Figure 7.8 Machine options for clean manufacturing conditions.
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e Fluid-cooled drives to reduce air streams that could swirl dust.
e Minimization of machine and mold surfaces, e.g., by completely enclosing
hydraulic manifolds.

7.4.4
Automation and Downstream Processes

The manufacturing of sophisticated optical components requires a holistic manu-
facturing concept. Free-fall applications with parts being transported on conveyor
belts to large containers are seldom used, as a rule. More typically, robotic systems
integrated in the machine control system are used for part removal. The compo-
nents are either taken out of the cavity by the so-called removal grippers or passed
to the removal gripper by an ejection system. Latest technological appliances here
range from simple pneumatic gripper axes up to servo axes synchronized with the
ejector.

The decisive factor for the removal technology is the complexity of the down-
stream processes and the method of part set-down. This can range from a simple
placement of the parts directly onto a conveyor belt, through set-down in defined
patterns, up to in the filling of trays with up/down stacking facilities.

Further processes can follow. In such cases, defined cooling stations are often
used. The molded parts that are removed from the mold at still high temperatures
are placed in defined positions for cooling, where they can cool down evenly to
room temperature before measuring facilities check and document the quality of
the parts. Depending on the application, assembly steps with other components
or set-down in a protected environment are possible.

Figure 7.9 shows a turn-key production system for the manufacture of blanks
for ophthalmic lenses.

Figure 7.9 Production cell for the manufacture of ophthalmic lenses.
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7.5
Injection Molding-Injection Compression Molding

When stress-free or low-tension characteristics are required in the injection mold-
ing of thick-walled or optical parts, ICM often becomes an issue.

During the injection compression step, the cavity volume is adapted. A require-
ment of the machine is that it must be able to move the injection unit and the
mold or mold components simultaneously. The mold must be designed so that
the cavity is sealed from the outside even when the mold is not completely closed.

The differences between conventional injection molding and ICM are explained
in more detail below.

7.5.1
Fundamental Difference

In a classical injection molding process, a constant volume of melt is injected into
a closed cavity through a runner (see Figure 7.12, red arrow).

As the cavity is filled, the pressure drops along the flow path from the runner
(high pressure) to the front of the melt or end of the flow path (low pressure). To
compensate the volume shrinkage, this pressure drop is boosted during the hold-
ing pressure phase. At the end of the holding pressure phase, that is, when the
gate solidifies and the holding pressure has no more effect on the component, the
pressure drop freezes. This causes a residual stress profile in the component. This
inner tension in the component can cause deformation of the part after demold-
ing. In the case of optical parts, these inner tensions can impair the light conduct-
ing characteristics.

Figure 7.10 shows a diagram of the injection molding process. The cavity is
filled centrally from the sprue bushing. “p1” represents a point in the flow path
near to the sprue and “p2” a point further away from the sprue. In the diagram,
the pressure gradient from the injection point via “p1” to “p2” is shown.

Holding pressure

P;

| s> B,

Figure 7.10 Diagram of the injection molding process.
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In a ICM process, the cavity volume changes during and/or after the injection/
holding pressure phase. As a rule, the mold is not completely closed at the begin-
ning of the injection process, that is, when the plastic melt is first injected into
the cavity. The mold is not closed completely until all the melt is inside the cavity.
In this way, less pressure is required to fill the cavity and the pressure gradient is
already reduced in the filling phase. When the mold closes, the pressure acting on
the complete cavity area of the shrinking part is reduced (see Figure 7.11). Ideally,
the pressure is constant inside the cavity, that is, the pressure level remains con-
stant from the injection point through p1 to p2.

Holding pressure

pressure

P

Figure 7.11 Diagram: injection compression molding.

In this way, larger ratios of flow path to wall thickness can be realized and possi-
ble sinks and voids are avoided and the risk of shrinkage and warpage reduced.
Further advantages include the reduction of inner tension in the part and the
minimization of birefringence effects.

This fundamental difference between the effect of the holding pressure through
the gate during injection molding and the effect of the coining pressure acting on
the whole surface of the part during coining can be practically realized in many
different ways. Consequently, there are many variants of injection coining. In
available literature on injection coining various, overviews are given in which the
different coining techniques are explained. The continual further development of
the machine control systems means the number of variants is still increasing.

7.5.2
Differences in Mold Technologies

There are several possibilities of varying the volume in the cavity. In mold technol-
ogy, we differentiate between the so-called Main axis coining and Auxiliary axis
coining — expressions that are taken from the machine technology.

The main axes in an injection molding machine refer to the mold movement
axis, the injection axis, and the dosing process.
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The auxiliary axes include the ejector axis, the nozzle movement axis, and the
core pull axes.

7.5.2.1 Main Axis Coining
In main axis coining, the cavity changes are realized by the movement of the
clamping unit.

The sealing of the cavity can be achieved with a moat surround, whereby a core
dips into a matrix and seals the cavity off from the inside (see Figure 7.12(a)).
Alternatively, it is possible to seal off the cavity with an axially moving cavity ring
or coining frame. As long as, the mold is not completely closed, this lies in the
parting line and seals the cavity off from the outside. The cavity ring can either be
pressed on with springs or hydraulic force. For the coining process, the cavity ring
can be moved axially (see Figure 7.12(b)). This method is suitable for flat parts
with an even wall thickness. Undercuts or perforations across the direction of
coining are, however, more problematic.

(a) Moat surround (b) Cavityring ¢) Moving stamp
Main axis Main axis Auxiliary axis

Figure 7.12 Mold concepts.

7.5.2.2 Auxiliary Axis Coining

When coining with the auxiliary axes, the mold is completely closed. The volume
of the cavity is adapted by moving plungers inside the cavity. The stamp move-
ments are controlled hydraulically using the core pull functions. It is also possible
to use the mechanical ejector devices in the injection molding machine for the
coining process.

Auxiliary axis coining is particularly suitable for coining only partial areas of the
part because the buoyancy forces arising in the noncoined areas are absorbed by
the clamping force of the machine.

When coining only partial areas of the part with the main axis, mold concepts
using cavity rings are applied. With this construction, the buoyancy forces are
absorbed by the hydraulic force or by the spring force supporting the cavity ring.
The maximum possible supporting forces acting on the cavity ring are substan-
tially lower than the clamping force of the machine. For this reason, the process-
ing window is very limited in partial-area coining with the main axis.
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7.5.2.3 Conclusion

Compared with coining in the mold, coining with the clamping unit has the
advantage that much higher forces are available for this purpose. In this connec-
tion, it must be noted that the achievable quality with regard to reproducibility of
the process largely depends of course on the repeatability of the axis movements.

7.5.3
Using the Clamping Unit for Injection Coining

The various construction types of clamping units offer different advantages with
regard to the injection coining process.

With hydraulic clamping units, coining strokes equal to the maximum move-
ment path of the clamping stroke are possible. The maximum coining force is
available at every stroke position provided that there is a counter pressure. In
general, this force corresponds to the maximum clamping force (Figure 7.13).
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Figure 7.13 Hydraulic concept: force and speed pattern.

The speed of the movement, not counting the acceleration ramps, can be kept
at the maximum value over the entire opening stroke while reducing the clamp-
ing force. In this case, the movement is usually realized with the moving cylinder.
If a large clamping force is required, the movement is carried out using the large
pistons of the closing cylinder, which permit a high perforce at a comparatively
low speed. With the respective control technology, the coining profiles can be easi-
ly realized. Hydraulic clamping units are equipped with systems that measure the
distance, usually with a resolution of 0.1 mm, thus guaranteeing a precision of
the coining position in the 1/10 mm range.

On toggle-type clamping units, the clamping force and the speed of the move-
ment are dependent on the opening stroke, due to the kinematics of the toggle
joint. The full clamping force is not achieved until the toggle is fully expanded
and locked. High coining forces can thus only be realized with short coining
strokes (Figure 7.14).
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Figure 7.14 Toggle concept: force and speed pattern.

Electrically driven machines must in some cases be equipped with a large-sized
drive motor to achieve adequate coining forces. A typical coining stroke of an elec-
tric clamping unit ranges around 1 mm. Reaction speed and coining velocity are,
however, comparatively fast compared to hydraulic drives because pressure build
up times are practically nonexistent.

With toggle drives, the positioning of the clamping unit is realized using the
crosshead of the toggle joint and with electrically driven clamping units via the
incrementation of the drive motor. Positioning accuracies in the range of well
below 1/100 mm can be achieved. The repeatability is also considerably higher
than with hydraulic systems, due to the position-controlled driven systems.

7.5.3.1 Summary

Hydraulic clamping units are mainly used for longer coining strokes (1-10 mm)
because the achievable precision of the coining position is usually adequate for
these applications.

For applications requiring coining strokes in the range of 1 mm, electrically
driven toggle systems are unbeatable due to their fast reaction time and coining
speed and their high-precision coining positioning and repeatability.

For the manufacture of optical components, these drive systems are not
mutually exclusive but complementary, depending on the application.

7.5.4
Process Variants of Injection Compression Molding

The fundamental marginal conditions for injection coining are determined by the
mold concepts and the machine technology. The numerous variants of the injec-
tion coining process arise from the capabilities of the drive technology and the
machine control system.
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The process variants are generally distinguished by three degrees of freedom:
the type of coining axis, the direction of coining, and the chronological course
(Table 7.1) .

Table7.1 Overview of coining variants

Coining axis Main axis

Auxiliary axes

Combination of main and auxiliary axes
Direction of coining Closing coining

Opening coining

Combination of opening and closing coining
Chronological order Sequential

Simultaneous

As explained in Section 7.5.2, the process can be divided into various coining
axes, depending on the mold technology used. Besides the clear difference be-
tween the main axis and auxiliary axis coining, a combination of the two is also
possible, providing the mold concept can be realized.

As the second degree of freedom, the coining direction is also important. Here
we speak of “opening coining” or “closing coining,” depending on whether the
cavity volume is to be increased or decreased during the process [1].

As the last degree of freedom, the chronological course is characteristic for the
process. Here the chronological course is seen in relation to the filling of the cav-
ity, that is, the screw movement.

The coining process can be carried out sequentially or simultaneously [7]. In a
sequential coining process, the coining position is first approached, then the melt
is injected into the cavity and then the coining process is carried out, one step
after the other. In a programmed sequence illustrated, the upper picture shows a
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Figure 7.15 Sequence: sequential coining.
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consecutive coining sequence with the main axis, and the lower picture shows a
sequence using an auxiliary axis. In this example, the auxiliary axis is controlled
by a core pull function (Figure 7.15).

In contrast, with simultaneous coining, these processing steps overlap each
other. With regard to the filling of cavity, simultaneous coining has the decisive
advantage that the melt front does not come to a standstill, thus reducing the risk
of flow marks.

Figure 7.16 illustrates such a sequence using the main axis. The coining step
starts at the same time as the injection step starts.
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Figure 7.16 Sequence: Simultaneous coining.

The condition for starting the coining process can be selected individually,
depending on the mold, component, process, and available sensors (Figure 7.17).
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Figure 7.17 Start conditions for coining functions.

In a modern control system, the following start conditions are available:

e in relation to a delay time

e in relation to a screw position

e in relation to the injection pressure

e in relation to the cavity pressure

e in relation to the mold wall temperature
e in relation to any external signal.

The state-of-the-art technology comprises a machine controller which is not
related to a specific case of application but enables the user to program the re-
quired machine sequence individually for each case. All variants of the described
coining methods can be covered with one controller version.
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7.5.5
Example of Coining Tasks

7.5.5.1 Manufacture of Ophthalmic Lenses

One case of application is the manufacture of low-tension, dimensionally stable,
thick-walled spectacle lens blanks for the ophthalmic industry. A sequential coin-
ing sequence with the main axis is applied (Figure 7.18).

Figure 7.18 Spectacle lens blanks.

For this purpose, a mold with coining frame is used. The mold is closed up to a
defined coining gap. The screw injects the melt at a low pressure and moves to
the advanced end position. The mold then closes fully (coining) and the melt is
distributed over the cavity.

In this case, the mold is equipped with quick-changing mold inserts. The thick-
ness of the lens is adjusted by the variation of the coining gap.

With regard to the machine drive technology, no simultaneous movements of
clamping unit and screw are necessary with this method.

7.5.5.2 Optical Data Carriers

Typical examples of products of daily use are optical data carriers such as CDs and
DVDs. While the CD substrate with a diameter of 120 mm features a wall thick-
ness of 1.2 mm, a DVD with the same diameter comprises two substrates each
with a wall thickness of 0.6 mm.

For the molding process of a DVD substrate, a very high ration of flow path to
wall thickness is given. For this reason, a simultaneous injection coining process
is applied. The mold is equipped with a cavity ring and the main axis carries out
the coining process that is started when a defined screw stroke is reached. In this
way, the coining process is carried out together with the filling of the mold cavity
(Figure 7.19).

The injection compression process is able to compensate the unfavorable ratio
of flow path to wall thickness and it also improves the pit replication in the outer
area. Further effects are reduced birefringence and an achievement of the re-
quired smoothness.
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Figure 7.19 Optical data carrier: DVD substrate, 0,6 mm wall thickness.

CD blanks in contrast can be produced with the classical injection molding
method. A mold without coining options is used. To reduce the cycle time how-
ever, so-called “flying-start injection” is applied (Figure 7.20).
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Figure 7.20 Optical data carrier: CD substrate, 1,2 mm wall thickness.

“Flying-start injection” does not necessarily require a coining mold [4]. In princi-
ple this method is a simultaneous screw stroke-related closing coining process
carried out with the main axis. The mold is closed and during the closing process,
the screw movement, i.e., the injection process, is started when a defined stroke
position is reached. Flying-start injection is suitable for symmetrical, flat compo-
nents which are injected from a central point. The injection pressure requirement
in the cavity filling phase is reduced and the melt distribution is supported by the
final mold closing movement. This method is applied in the production of thin-
walled parts with a high flow path to wall thickness ratio in order to positively
influence the cavity filling process and thus the quality of the part.

It can also be applied in conventional, fast-running processes because the
enable signal for injection is given before the mold has fully closed.

In both the cases, the machine must be equipped so that the clamping unit and
the injection unit can be operated simultaneously.

7.5.5.3 Active breathing

“Active breathing” refers to a process using conventional injection molds and the
production of flat parts [5]. This works on the principle of “simultaneous open-
ing/closing coining” with the main (Figure 7.21).
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Figure 7.21 Active breathing.
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During the cavity filling phase, the clamping pressure exerted by the clamping
unit is reduced under the control of a multistage programmable clamping profile
and then is increased again. This enables the mold to “breathe” over a stroke a
few hundredths of a millimeter. With this slight breathing process, the holding
pressure is distributed over a wider area and a coining effect is produced (Fig-
ure 7.22).
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Figure 7.22 The course of a process with active breathing.

In the case of transparent, flat components birefringence in particular can be
reduced and the smoothness of the component enhanced. The inner tensions are
also minimized that in turn has a positive effect on the subsequent galvanic treat-
ment of the parts.

Special coining molds are not always required.

7.6
Conclusion

The production of optical components in injection molding technology is a sector
that is still strongly developing. Successful production requires comprehensive
knowledge not only in injection molding and mold construction but also in the
field of optics and the respective metrology.

In contrast to the conventional injection molding, injection coining in all its
variations offers several significant advantages, in particular for optical parts. The
requirements for this, however, are high-quality and complex mold and machine
technology. This makes the process technology considerably more extensive and
calls for a high level of sustained knowledge in this field. This is required not only
for the development and validation of the processes but also right through to the
supervision of the processes in serial production.

For injection coining, injection molding machines with high-precision position-
ing and a high level of repeatability are applied. The choice of machine technology
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depends on the concept of the coining mold. Today’s machine control systems are
already designed to cope with challenging coining mold concepts of the future.

References

1 “Spritzgiessen, Der gliserne Innen-
druck — Qualititsmasstab fiir optische
Teile”, Schnerr, O.; Biirkle, E., Klotz, B.,
Sonderdruck aus Kunststoffe 5/2007,
Carl Hanser Verlag, Miinchen

2 Bestimmung der Verweilzeit beim
Spritzgielen technischer Thermoplaste,
ATT, Bayer AG, Leverkusen, 1988

3 Handbuch SpritzgieRen, Johannaber,
F., Michaeli, W., Hanser Verlag, 2002

4 Today — The ARBURG magazine, Issue.
25, 2004

5 Today — The ARBURG magazine, Issue.
39, 2008

6 Anforderung an Werkzeugoberflichen
fuir die Kunststoffverarbeitung, Mumme
F., Galvanotechnik 8/2008, Eugen G.
Leuze Verlag

7 Injection molding handbook, Tim. A.
Osswald, Lih-Sheng Turng, Paul J. Gra-
ham, Hanser Verlag.

217



8
Cost Modeling of Injection-Molded Plastic Optics

Jukka-Tapani Mdkinen (VTT Technical Research Centre of Finland, Oulu, Finland)

8.1
Introduction

Injection molding is a cyclic process, in which 3D geometries are formed from
the raw material with a single process step. This simplicity makes it possible to
produce large quantities of complex and accurate parts fast and cost efficiently. As
a manufacturing technology, injection molding is competing with other technolo-
gies capable of making components with similar function. There are some inher-
ent benefits such as integration of mechanical features that can make plastic
optics more attractive by lowering the cost of assembly [1], but then there are also
other factors such as mold cost that may restrict the use of molding to high-vol-
ume applications. Cost modeling can be used for playing “what if” games to deter-
mine if the part is worth the trouble and cost of producing it or for finding an
optimum design at the device level [2]. In some cases such as mobile phone cam-
era optics, the choice is obvious as there are only few low-cost manufacturing
methods available that can produce the huge quantities of lenses needed for the
annual production volumes of phones. However, there are plenty of other optical
applications that do not have large volumes, but still the potential benefits of injec-
tion molding make it worthwhile investigating the possibility to use it.

Plastics injection molding is a several decades old manufacturing technology
and there are many tools available for calculating the molding costs of parts.
Some of these tools can be used freely at the websites of, for example, companies
that are involved in injection molding [3] or plastic material manufacturers [4].
Some of the tools are quite simple and easy to use, but there are also cost models
that are very sophisticated and complex [5]. Unfortunately, there is no standard-
ized way of calculating molding costs and for this reason all of the tools are some-
what different from each other. In each case, there is a set of input parameters
that determine the cost via a series of simple arithmetic operations. What makes
the tools complicated is the fact that many of the input parameters are connected
to the output parameters through more than one route. For example, molding
yield is used in the formulas for material, machine, and labor costs. This complex-
ity makes it difficult to use the readily available models as the relations between
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input and output parameters are not clear for the user who has not made the cal-
culation tool himself.

The first part of this chapter deals with cost calculations of three key processes
in injection-molded optics production: mold tooling, molding, and coating. How-
ever, the main emphasis is on the injection molding itself. The issue is
approached by making a tear-down analysis of an example cost calculation tool.
Main purpose of the analysis is to explain how the different input parameters are
defined and to show how they affect the outcome of the calculations. Second part
of this chapter is dedicated to three case studies, which are illustrating the possi-
ble uses of cost calculation tools, or in other words, the actual cost modeling.

8.2
Different Uses and Users of Cost Modeling

All injection molding companies have their own tools for estimating and calculat-
ing production costs. The first and most obvious use of these tools is in price esti-
mation, which is done when customer needs a quotation for a specific set of parts.
The estimate can be made quite intuitively if the product is very similar to a pre-
vious part made in the factory, but if the part or module is totally different or if it
has higher or lower accuracy requirements, the estimate will have to be made by
balancing the worst-case cost scenario with assumed market price. More precise
calculations can only be made when there is enough feedback from the first mold-
ing trials and both the part and process are well defined. There is also always
room for some improvement in a normal production process. Cost modeling can
be used to pinpoint the exact location or parameter in the process chain, where
improvements will have the largest impact on overall cost. Several process adjust-
ments can be made during the lifetime of a high-volume product. Every time the
process can be improved without compromising quality, the profit margin can be
increased and/or the sales price can be lowered to keep the customer satisfied.
The second user of cost modeling is a person working in the sourcing depart-
ment of a device or module manufacturing company. Cost modeling can provide
a useful tool for increasing the transparency of a supplier’s pricing practices. A
profit margin will always be added to the calculated manufacturing cost in a mold-
ing company to determine the final sales price of a component or module. In
some application areas such as mobile phone camera optics, the margins can be
very low because the high volumes are attractive to many companies and the com-
petition is fierce. In some other areas such as medical analysis devices, the vol-
umes are lower and there can be more room for good margins when the customer
is putting more emphasis on quality and reliability than on cost. Profit margins
on specific products are one of the best kept secrets in any company, but some
educated guesses can also be made on the buyer’s side if the manufacturing costs
can be estimated with the help of a cost model. Modeling can also be used in
determining whether molding is a suitable production method for the company’s
low or medium volume optics product or not. The same information can also be
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compiled by cross-checking the quotations from different suppliers, but a much
deeper understanding of the relation between volume and cost can be obtained by
building a functional model for cost estimation. This understanding will make
supplier discussions easier and speed up decision making.

The third main user is a designer who can utilize cost modeling in bridging the
gap in design optimization between cost and performance. According to some
estimates, as much as 50-80% of manufacturing productivity can be determined
at the design stage [6, 7]. Design for manufacturing (DFM) is the term generally
used for the art of “global optimization,” where the main goal is to find an opti-
mum design in respect to manufacturing cost of the component, module, or a
whole system. Optical design software is routinely used in simulating perfor-
mance of optical systems with high accuracy. Totally different designs or just
small variations of one solution can be compared by simulating them in a ray tra-
cing software without the need of building expensive prototypes. Tolerance analy-
sis routines can be used to determine the probable production yield based on per-
formance distributions and the design can be optimized for maximum yield
instead of maximum nominal performance that can never be reached in real life.
Cost models can be used for simulating the effects of design variations to manu-
facturing costs in a similar manner. A cost model closes the feedback loop be-
tween design decisions and resulting manufacturing cost in very much the same
way than an optical design software closes the loop for performance optimization.
By using these two tools concurrently, a designer can make the jump from part
optimization to true module or system-level optimization.

83
Calculating Plastic Optics Manufacturing Costs

Table 8.1 shows a view from a simplified cost calculation tool created in MS Excel
for estimating production costs of injection-molded optical parts. In this example
tool, separate cost calculations are made for three plastic optics key processes:
mold tooling, injection molding, and coating. The results are calculated per single
manufactured piece in large-scale production, in which the mold cost can be easi-
ly amortized. The total cost is calculated simply by adding the three separate pro-
cess expenses together. Manufacturing quantity is not present in the calculations
as the main idea is to add up the costs of a smoothly running continuous process.
However, this tool can be used to calculate costs also for smaller production series
by taking the volume into account when setting the input parameters for the tool-
ing costs and batch size.

Daily production capacity can be calculated from the number of working hours
per day, number of cavities, and cycle time. Machine uptimes will also need to be
included as well as the yield parameters from all of the successive processes. Al-
though production capacity calculations do not have an effect on the cost, they are
indispensable in determining the throughput of one injection-molding machine.
If the monthly capacity is not large enough with just one machine and a multicav-
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Table8.1 A view from a simplified example cost calculation tool created in Excel.

basic information

tooling cost calculations

product viewfinder optics mold design cost 2000 €
material Zeonex E48R mold cost 30000 €
optical insert cost 1000 €

molding input parameters

mold life

500000 cycles

materials price 25 €/kg insert life 100000 cycles
product weight 18 ¢ inserts per cavity 3
machine rate 18 €/h tooling costs 0.0460 €/piece
machine uptime 85 %
yield 90 % molding cost calculations
number of cavities 4 material 0.0500 €/piece
cycletime 240 machine 0.3950 €/piece
work cost1 (operator) 10 €/h labor 0.1121 €/piece
work cost2 (skilled) 20 €/h Tool R&M 0.0032 €/piece
indirect costs 70 % indirect 0.3573 €/piece
workers per machine 0.5 molding costs 0.9176 €/piece
batch size 50000
batch setup time 8h

. coating cost calculations
repair and 8 h/batch
maintenance coating batch cost 250 €/batch

capacity calculations

day (24h)

1047 pieces

pieces per batch
coating yield

coatings per piece

1600
95 %
1

week (7 days) 7326 pieces coating costs 0.2104 €/piece
month (year/12) 29303 pieces
year (48 weeks) 351631 pieces Total cost 1.17 €/piece

ity mold, the number of injection units will need to be increased. This also means
balancing between labor, machine, and tool costs in which cost modeling can be a
very useful instrument.

The example pie-charts of Figure 8.1 were drawn for the calculation case shown
in Table 8.1. In the example case, the production volume was considered so high
that the lifetime of the four-cavity mold was totally used up. With high-volume
products, the tool cost can be a fairly small part of the total manufacturing cost,
which is dominated by the molding costs as shown in Figure 8.1(a). However, this
relation is highly sensitive to volume and with small production series the tooling
costs can be much more pronounced or even dominating. This is a question that
often comes up when a small series of plastic optical parts are needed for proto-
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(a) Total manufacturing costs

Coating
costs
18 %

Tooling
costs
4 %

(b) Molding costs

Machine Tool R&M
43 % 1%

Material
5% Figure 8.1 Example pie-charts show

(a) how the total cost is divided between
the three key processes and (b) how the
molding costs are divided to the major
cost factors.

typing or for a limited number of products. The next section in this chapter is
dedicated to the relation between mold costs and production volume to illuminate
this issue further.

Figure 8.1(b) shows how the molding costs are divided in the example case. The
three main parts are machine, indirect, and labor costs. Material costs represent
only 5% of the total molding costs. However, this does not mean that the material
choice is an insignificant cost factor when the optical design is made. In this par-
ticular case, the cost of molding can be as much as 60% higher if the piece is
made from PMMA instead of Zeonex even though the latter material is several
times more expensive than the former. This apparent contradiction has its roots
in the way a material’s physical properties affect the process parameters of injec-
tion molding. If an optical designer wants to fully utilize the potential of DFM
ideology, he or she will need deep understanding of the manufacturing process
and the factors lying behind the cost structure. One section of this chapter is deal-
ing with cycle time and its purpose is to dig deeper into the functioning of the
example calculation tool to clarify the relations between optical part features and
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molding cost. The cost factors shown in Figure 8.1(b) are all explained in better
detail in their own subsections under the topic of molding costs.

Usually, coatings form a significant part of the manufacturing cost of an optical
piece and notable savings can be made if they are not needed in the system. In
many cases they are simply mandatory to meet the optical specifications set for
the design. In addition to the processing costs themselves, coatings will increase
the total manufacturing costs by introducing another process into the production
chain. As in any real-life manufacturing process, there is a yield factor associated
with it and the parts that are coated with defective layers will have to be wasted
and the costs factored into the sales price.

Some additional processes such as metrology, which are crucial to plastic optics
production, are not analyzed thoroughly in this chapter as the purpose is to focus
on the actual core-manufacturing processes. There are numerous procedures and
functions that are needed in running a plastic optics factory which all add up to
the manufacturing costs of parts. A full coverage of these topics would fill up a
whole book of its own.

8.4
Mold Costs and Production Volumes

The injection molding process makes a near 100% copy of the tool. The main ben-
efit of this technology comes from the fact that the high-accuracy shape and finish
of the part will need to be tooled only once into the mold and then it can be repli-
cated to a very large number of nearly identical pieces. With standard injection-
molded parts, an annual production volume under about 25000 pieces is consid-
ered “low volume” [8] and it can be questionable if it is sensible to use molding
technology at all to make parts at lower quantities than this. In optics, the compet-
ing traditional glass-based manufacturing processes have fairly high costs asso-
ciated to them, due to the fact that each high-precision piece is manufactured
separately. For this reason, the threshold of acceptable production series size can
easily be lower in plastic optics than with plastic parts without optical function.
There are several different methods for estimating the cost of an injection mold
[9]. Some of these methods are based on tooling time and some are based on geo-
metric features. The estimation itself can also be made by intuition based on the
mold maker’s experience, or it can be calculated with a dedicated computer soft-
ware or calculation tool [10]. In general, molds can cost anything from a few thou-
sands of euros to a few hundreds of thousands of euros depending on, for exam-
ple, the size and complexity of the part, number of cavities, and accuracy require-
ments [11-13]. Optical parts tend to be relatively small and the production
volumes are usually not that high, which means that optical molds are generally
not the biggest and most expensive ones. High demands for accuracy have a two-
fold effect on optical mold costs. On one hand, the tight tolerances for surface fin-
ish, shapes, and dimensions increase the costs by making it necessary to use sepa-
rate precision inserts for optical surfaces and also resort to special mechanical fea-
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tures to ensure accurate positioning of the mold halves. On the other hand, the
parts may be kept relatively simple in their geometry to avoid, for example, shape
distortions and birefringence effects that are caused by unpredictable shrinkage
during the molding cycle. A simple mold is less expensive to make than a compli-
cated one, which has a lot of moving parts or mechanical details.

The cost risk associated to the sensitive optical surfaces is managed by using
separate insert pins or pieces as part of the mold cavity. The cost of renewing an
exchangeable pin is much less than the cost of reworking a whole mold half. A
pin can also be replaced quite fast, whereas tooling of a mold half will stop the
production for a considerably longer period of time. Spare inserts can be manu-
factured along with the set required for filling all of the mold cavities. Typically, a
single insert is more expensive than a series of identical pieces. It takes some
time to get the settings right for, for example, the diamond turning machine, but
when the preparations are done the successive parts will take less time to prepare
and cost per insert is smaller. In a multicavity mold, the fact that the cavities are
identical will give definite cost advantage [13]. This means that the cost of, for
example, an eight-cavity mold is much less than two times the cost of a four-cavity
mold. Exact relation of mold cost to the number of cavities is quite difficult to esti-
mate without a large database of actual purchased molds. The best way to estimate
costs is to discuss with a mold maker and ask for ballpark figures. Same applies to
the choice of mold material, complexity, etc.

Equation (8.1) shows how the tooling costs are calculated from the input param-
eters of the example calculation tool shown in Table 8.1. The first part of the for-
mula deals with the mold costs and the second part takes care of the optical insert
costs. Main reason for this division is that the mold and the inserts have different
lifetimes associated to them. The mold itself can be made to withstand even mil-
lions of molding cycles, but the inserts will need to be replaced or renewed much
more frequently. Good care should be taken so that the mold material choice, con-
struction, and chosen number of cavities are done with the volume and projected
life of the tool in mind. Proper steel choice and durable nickel layers will prolong
the life of the tool considerably.

Mold design + Mold cost
Mold life x Number of cavities

Tooling =

(8.1)
Optical insert cost x Inserts per cavity

Insertlife

Calculation tools for mold costs are needed especially for estimating the costs
connected to low- or medium-volume products where the main concern is the
amortization of the tool. One major input parameter in injection molding cost cal-
culations is the number of cavities used. This variable is closely connected to pro-
duction volume and it is also present in the cost calculations of the two key pro-
cesses, tooling and molding. A complicated mold with several cavities will cost
more than a mold with just a single cavity. However, with a multicavity mold sev-
eral pieces will be made simultaneously, whereas a single cavity mold will produce
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only one piece at a time. This means that the cost of molding is lower with several
cavities as the time it takes to make one piece is shorter. The proper number of
cavities is calculated by balancing the costs of the mold tooling and molding with
the expected volume of the product in mind.

As an example, Table 8.2 shows calculated tooling and molding costs over a
large range of production volumes with four different mold options for the same
product (presented later in Figure 8.7(a)). The four molds had one, two, four, and
eight cavities and their total costs including inserts were €18000, €34 000,
€56 000, and €76 000, respectively. Tooling cost values in the table were obtained
simply by dividing the price of the mold with the production volume in each case.
Molding costs were calculated with the example calculation tool. At very low vol-
umes, the molding cost is dominated by the costs associated to the start of a new
production batch. Assembly of the mold to the injection-molding machine and
successive test runs require some work time which costs money. The starting
costs are divided by the number of pieces in the production batch and if the batch
is very small the molding cost is high. At higher volumes, the cost of molding
comes down and levels off to a certain value that is dependent on the number of
cavities. With multicavity molds, the initial costs are higher as the assembly and
testing take more time and therefore also the molding costs come down some-
what slower than with a single cavity mold.

Table 8.2 Tooling and molding costs calculated for one product
at different production volumes with molds that have one, two,
four, and eight cavities (the costs are presented as €/piece).

production volume 1 10 100 1000 10000 100000 1000000
1-cavity  tooling 18000 1800 180 18.0 1.80 0.18 0.02
molding 546 56.1 7.14 2.25 1.76 1.72 1.72
total 18546 1856 187 20.2 3.56 1.90 1.73
2-cavity  tooling 34000 3400 340 34.0 3.40 0.34 0.03
molding 654 66.6 7.84 1.96 1.37 1.32 1.32
total 34654 3467 348 36.0 4.77 1.66 1.36
4-cavity  tooling 56000 5600 560 56.0 5.60 0.56 0.06
molding 790 79.8 8.79 1.69 0.98 0.92 0.92
total 56790 5680 569 57.7 6.58 1.48 0.97
8-cavity  tooling 76000 7 600 760 76.0 7.60 0.76 0.08
molding 1170 118 12.5 1.97 0.92 0.83 0.83
total 77170 7718 772 78.0 8.52 1.59 0.90

Figure 8.2 shows four graphs calculated for the same case as presented in Table
8.2. The logarithmic scales used for production volume and cost per piece show
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Figure 8.2 Calculated total manufacturing costs for one product at different production volumes
with molds that have one, two, four, and eight cavities.

the trends better at low volumes. The costs per piece are first dropping rapidly as
the volume is increased and then they are leveling off close to the large volume
molding cost value. As the initial high cost of tooling dominates the low-volume
figures and the molding costs dominate the high-volume figures, the graphs cross
at some specific points. These points can be used to determine the suitable num-
ber of cavities of the mold for a specific production volume. For example, in this
case the one-cavity mold is the lowest cost option below a production volume of
about 45 000 pieces and the eight-cavity mold will become economical at volumes
greater than around 220 000 pieces.

From the previous example it is quite obvious that a single-cavity tool will most
likely be the best choice for prototyping or for very low-volume products. With
high volumes, more cavities are needed as the cost of molding starts to dominate
and multicavity molds will produce pieces more cost effectively. Similar calcula-
tions can be performed for any product intended for injection molding. If just a
few prototype pieces are needed, molding will always be an expensive method to
make them due to the high cost of tooling and molding initial costs. Many of the
other plastic manufacturing processes such as fused deposition modeling that are
suitable for low production volumes [14] are not possible for optical parts due to
the poor surface finish quality and material inhomogeneity. Prototypes diamond
turned directly from plastics can offer a cheaper solution if just a few (tens) of
pieces are needed. However, as the manufacturing method is different, the dia-
mond turned pieces differ in many ways from their molded counterparts. Another
method that can be used for manufacturing components for low-volume modules
is to make a so-called family mold. This is a type of mold that has different cavities
for similar parts. For example, a casing with two near-mirror-image halves could
be made with such a method. Family molds can utilize the cost benefits of a mul-
ticavity mold and still fulfill the need for different parts geometry in one module.
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8.5
Calculating Molding Costs

The molding cost calculation tool input parameters deal with both process and
product related issues. Examples of process related parameters are the hourly
wages of workers, machine rate, machine uptime, yield, price of electricity, etc.
Many of these parameter values are based on knowledge that has been built up
inside a molding company during its operational years or they can be obtained
from the company’s accounting department. These are also the parameters that
can be very difficult to estimate from outside of the company. Examples of product
related parameters are thickness and weight of the part. Only those parameters
that are related to the product features can be directly affected by the design.

Figure 8.3 presents the absolute change in cost when each variable in the exam-
ple molding cost calculation tool is changed by 1%. This sensitivity graph shows
that the five most influential factors in the model are yield, cycle time, machine
uptime, number of cavities, and machine rate. Cycle time is the most important
parameter directly related to the design of the manufactured component. For
example, cycle time has 12 times higher impact to the cost of molding than the
price of material. This does not mean that material choice is an insignificant fac-
tor in plastic optics production, but it just indicates that it is much more effective
to reduce part costs by shortening the cycle time than by selecting a lower cost
material. And as we can see in the next paragraph, material choice has a big
impact to this time factor and therefore also to the production cost.
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Figure 8.3 Molding cost calculation tool sensitivity to parameter change. The graph
shows how much the molding cost of the example product changed (absolute value)
when each input parameter was changed by 1%.
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8.5.1
Cycle Time and Cooling Time

Cycle time is the time that it takes from the injection-molding machine to make a
single part, or in the case of a multicavity mold, a set of parts. Any changes in this
time factor, usually measured in seconds, will be multiplied by the number of pro-
duced parts. As the size of the production series can be as high as tens of millions,
the time spent for making a single piece will have a drastic effect on the time
spent for the production of the whole series. A simple example calculation can be
made to illustrate this effect. If a product with total production series size of
10 million pieces and an eight-cavity mold will have its cycle time increased by
one second, the resulting difference in total production time is 1 sx (10 000 000/8)
=22 workdays (16 h/day). During this time, all of the machines will have to be
maintained, workers salaries will have to be paid, etc. The increased cost of pro-
duction will then be reflected in the increased sales price of the product.

The basic injection-molding cycle consists of several parts. Closing of the mold,
forward movement of the injection unit, mold filling, mold opening, and part
ejection build up a time factor, which is practically constant for each type of injec-
tion-molding machine [15]. As the parts get thinner and cooling times shorter, the
relative importance of this factor will increase and some technological develop-
ment is needed to shorten it. The varying time factor, cooling time, consists of
parts such as holding pressure and recovery time. These factors are dependent on
the material used, part geometry, mold design, and accuracy requirements. It is
possible to eject the piece from the mold before it has been totally cooled, but
then it will experience some small uncontrolled shape changes. If the shape accu-
racy requirement for the part is not high, this can be accepted as it will shorten
the cycle time and bring down the cost. Because of demands of high precision,
cooling time is usually the dominating factor in cycle time of plastic optics manu-
facturing and also the main driver for cost.

The simplest theoretical formula for calculating cooling time is used for the ge-
ometry of a flat plate. The formula is written as [16]

W[4 (T, — T,

ol ()] 2
k

a=, (8.3)

where t_ is the time for part centerline to reach ejection temperature T,, after
which the solidified material will not deform anymore at ejection. The other vari-
ables in the equation are h the plate thickness, T,, the melt temperature, and T,
the mold temperature. Thermal diffusivity factor a consists of k thermal conduc-
tivity, p density, and ¢ specific heat of the material.

Figure 8.4 shows the relation between cooling time and part thickness for four
commonly used optical plastics, as calculated from the previous Eq. (8.2). The dif-
ference between, for example, polymethyl methacrylate (PMMA) and polycarbo-
nate (PC) is clear. For example, a 4-mm-thick piece of PMMA will have a cooling

229



230

8 Cost Modeling of Injection-Molded Plastic Optics

180 —

— PMMA
—cCoc
— Zeonex
—PC

150

120

Cooling time [s]
g 8

|

0 2 4 6 8 10
Material thickness [mm]

Figure 8.4 Relations between cooling time and material thickness calculated for four optical
plastic materials with common material characteristics and molding process parameters.

time of ~53 s, which is two times longer than the ~27 s of PC. This means that the
same plate manufactured from PMMA may cost almost two times as much to
mold as it would cost if it would be made from PC. With all materials, the cooling
time will increase exponentially when the thickness is increased. For this reason,
the most important geometric factor in plastic part design is wall thickness [8].

There are several ways of estimating the cooling time of a piece. Equation (8.2)
is one example of an analytic approach, which can be used with simple geometries
like plate, cylinder, cube, and sphere. Unfortunately, injection-molded pieces are
usually much more complex and the analytic approach can only give crude ball-
park figures. Another possibility is to use molding simulators such as Autodesk
Moldflow or Moldex3D, which use finite element modeling (FEM) to calculate
how fast the heat is transferred from the plastic material to the mold and cooling
system. This numeric method can be used with complex 3D part geometries and
molds with custom designed cooling channels. Accuracy of the estimated cooling
time depends on the accuracy of the simulation input parameters and consistency
of the model with reality. The third way of estimating cooling time is to use a data-
base of previous products that are similar in size, shape, and precision. These
kinds of databases can only be found from injection-molding companies special-
ized in plastic optics. Naturally, all of these methods can be used simultaneously
to find a good estimation for the cooling time of a new part. The exact cycle time
can only be determined by making the actual mold and doing some test runs dur-
ing which the process parameters can be optimized.
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8.5.2
Yield and Machine Uptime

As shown in Figure 8.3, yield and machine uptime are among the most important
factors that determine the molding cost. Yield defines the proportion of manufac-
tured components that function as specified or which pass the different inspec-
tion stages. In every production process, the goal is to reach a yield value of 100%.
If all the manufactured parts fulfill the specifications, there is no need, for exam-
ple, to sort out the defective ones, material loss is at minimum and no machine
time is wasted. In real-life production, this is practically impossible to reach.

With plastic optics there are many ways a component can fail to meet the high
requirements set to it. Typically, at the start of a new production batch, the first
pieces will need to be discarded as the mold and the machines take some time to
adjust to the optimal process conditions. If the cavity count of a mold is increased,
the risk for one of the inserts becoming damaged is also increased. When the cost
of having a repair and maintenance break in the production is balanced with the
cost of lowered yield, it is sometimes more cost effective to continue the produc-
tion until the next scheduled break and just sort out the pieces from the faulty
cavity. This leads to the fact that the expected yield is slightly lower for molds that
have more cavities. Size of the optics may also have an effect on the yield if there
is a specification for the allowed number of defects on the surface of the piece or
inside it. As the size of the piece is increased, also the risk of having these defects
increases.

Machine uptime is the proportion of time that the machine is used in full pro-
duction of a particular product. Occasional tool repair and maintenance breaks
are necessary especially with plastic optics as the sensitive inserts will need to be
cleaned and checked to ensure good quality. Again, with larger number of cavities,
the machine uptime can be considered to be somewhat lower as it takes more
time to do the maintenance and the risk of something happening to the mold is
higher. The breaks themselves are a risk to the inserts as they can be damaged
during handling. In the simplified example calculation tool the machine uptime
is not connected to the repair and maintenance calculations and it is just used as
a single estimated figure. Equation (8.4) presents the formula used for the tool
repair and maintenance cost calculation.

R&M time x Workcost2
Batch size ’

Tool repair and maintenance = (8.4)

8.5.3
Machine and Labor Costs

Machine rates can also be determined in many ways. It is possible to include to
this variable everything from the cost of factory floor area occupied by the
machine to the price of electricity that it uses inside an hour of operation. In
some cases, the cost of an operator or a robot and profit are also built in to this
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single number [8]. The main trend in machine cost is that it follows the size of the
machine [13]. This is only natural as a bigger machine will cost more, it will use
more floor space, etc. One place to look for examples of machine rates with differ-
ent tonnages can be found from the PlasticsTechnology website [17]. The site con-
tains updated data from a US survey on machine rates. The machine size (and
therefore the rate) is also connected to the size of the molded piece and rules of
thumb are generally used to pick the right-sized machine for a particular product.
This is done by considering the volume and total projected surface area of the
product with all the mold cavities and the runner system [15].

Machine costs in the example calculation tool are calculated from Eq. (8.5). The
first part of the formula calculates the machine costs during production and the
second part adds the costs of setting up the machine for a new production batch.

. . Cycle time
Machine = Machine rate X y—
Number of cavities
1 Batch setup time
X — . —— + Machinerate X ———
Yield x Machine uptime Batch size

(8.5)

In the example tool, the labor costs are calculated separately from the machine
rate. Equation (8.6) shows the formula. The first part calculates the cost of opera-
tion over the time that the machine is running and an operator is working next to
it. If the cycle time of the piece is very short and/or number of cavities is large,
more than one operator may be needed for one machine to, for example, separate
the parts from the sprue, perform simple visual inspection, or place the parts to a
holding tray. If the cycle time is very long and the tasks performed next to the
machine are fast, it is also possible that a single person operates several machines
simultaneously. The second part of the formula deals with the cost of starting a
production or changing the mold for a new production batch. The setup time and
hourly wages of the specialized technicians define the cost of this operation. In
the formula, work cost1 is dedicated to a person who performs simple tasks and
work cost2 is used for skilled personnel with higher wages. The exact values to be
used in calculations will need to be estimated on the basis of the location of the
production plant. In low-labor-cost countries like China, the hourly wages of work-
ers can be a small fraction of their Europe of US-based counterparts.

Labor = Work costl x Workers per machine

Cycle time 1
Number of cavities ~ Yield x Machine uptime (8.6)
Batch setup time
+Workcost2 X ————————

Batch size
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854
Indirect Costs

In the example cost calculation tool, the indirect costs are included just as a sim-
ple percentage figure. This percentage is calculated from the total sum of the
machine, labor, and tool R&M costs as shown in Eq. (8.7). The main idea is that
the figure contains all of the indirect costs associated to running a production
plant. This simplistic practice makes the calculation tool more approachable.
Another option would be to include most of the costs associated to, for example,
the necessary clean room facilities and measurement equipment to specific
machine costs. In that case the overhead would be used only for calculating the
costs of, for example, management, storage workers, or other plant personnel not
directly involved in the production of a specific product, but still necessary for run-
ning the whole plant. As a single figure, the overhead percentage in the example
tool is quite difficult to estimate from outside of an injection molding company.
Molders themselves can obtain this number from the company’s accounting
department.

Indirect = Indirect costs x (Machine + Labor 4+ Tool R&M). (8.7)

8.5.5
Material Costs

Calculating the cost of material per single manufactured piece is a straightforward
task when the materials price and product geometry are known. Equation (8.8)
shows the formula. The product weight can be calculated from density value of
the material and geometric volume of the piece. The volume of runners and sprue
will also need to be included as this may represent a very large portion of the
material usage, especially with small pieces and molds with many cavities. Yield
is also included in the equation as some of the produced parts will always fail to
meet the high-quality criteria. In optics injection molding, the material cannot be
usually recycled into the process due to the fact that it needs to be homogeneous
and clean. The molding and material regrinding introduce, for example, dust par-
ticles to the plastic, which affect the optical properties. For this reason, a large por-
tion of material is wasted in plastic optics production.

Material = Materials price X Product weight x L . (8.8)
Yield

There can be big differences in the cost per kilogram between two optical plas-
tics such as PMMA and Zeonex. At first glance this may tempt a designer to
choose a cheaper material if the optical functioning of the piece allows this. How-
ever, as shown in the sensitivity analysis of the molding cost calculation tool (see
Figure 8.3), the materials price has a much smaller impact to the cost than cycle
time, which is also directly linked to the choice of material. In many optical cases,
the direct cost of material is only a small part of the total molding cost and the
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selected material affects the molding cost mostly through the physical properties
of the plastic, which define the cycle time.

8.6
Calculating Coating Costs

Similarly to the tooling costs, a very simple approach is taken to the estimation of
coating costs in the example tool. The costs are calculated by taking into account
the batch cost and piece holder size of the coating chamber. Equation (8.9) pre-
sents the formula. The main idea is that a holder or a tray that is put into the coat-
ing chamber has a certain size that is limiting the number of molded pieces that
can be fitted to it. As the size of the optics grows, a lower number of pieces can be
fitted to one batch and the cost per piece increases. The coating batch cost is asso-
ciated to the machine rate of the coating device. In this case, the labor costs con-
nected to coating are included in the batch cost. A much more sophisticated
model can be developed with more in-depth knowledge of the coating process, but
for the purposes of this article the presented model was considered adequate.

Coating batch cost « 1
Piecesperbatch ~ Coating yield

Coating = x Coatings per piece

+ Molding costs x (1 — Coatingyield). (8.9)

As in the case of any production process, coating will also have a yield factor
associated to it. The second part of the formula deals with the fact that a defective
coating will also make the injection-molded piece itself unusable. As the defective
pieces will need to be discarded, the costs of manufacturing these failed parts will
need to be included in the calculations. If there are many successive manufactur-
ing stages where the previous products can be irreversibly ruined, the importance
of high yield at each stage becomes even more pronounced. In the case of plastic
optics, molding and coating form such a chain.

The distinct difference between molding and coating is that the former is a con-
tinuous process whereas the latter one is a batch process. This means that a group
of components is coated as a single batch in the coating chamber under identical
processing conditions. If the conditions are not ideal and something goes wrong
with the coating, the whole batch will have to be discarded. It also means that coat-
ing can be a very expensive process for just a few pieces. The batch cost will
remain the same even if the chamber has only few components in it and the high
batch cost will need to be divided between a small number of parts.
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8.7
Additional Processes

In addition to the three key processes mentioned in the previous sections, there
are several other processes that belong to the whole production chain of plastic
optics products [8, 15]. Some processes such as sprue cutting can be very similar
with optical components than with normal mechanical molded parts. However, as
the requirements for the functionality are different, there are also lots of differ-
ences in some of the subsequent processes that are needed in building whole plas-
tic optics modules and systems.

One example of an additional process that is very specialized for optics is
inspection. As explained in the metrology section of this book, there are numer-
ous ways to measure the components or modules that come out of the production
lines of plastic optics factories. A large number of devices are needed to make
these measurements along with the skilled personnel that can use them. The cost
of all this equipment, the floor space that they occupy, electricity that they use, etc.
will need to be factored into the sales prices of products made at the factory. Some
of these costs are buried in the overhead, but for some cases specialized equip-
ment is needed for a particular product and the costs associated to measurements
will need to be included to the sales price directly. For this purpose, individual
cost calculation tools are needed also for the metrology processes.

Another additional process that has the potential to clearly increase the cost of
plastic optics products is packaging. Optical surfaces in plastic pieces are very sen-
sitive to scratches and contamination, which means that special care must be tak-
en to protect the parts during shipment to the module or device integrator.
Usually, special trays are needed for this purpose. As these trays are custom made
for each product type, they will also add to the costs directly. This type of expense
can also be influenced by design. If the part is designed with mechanical features
that protect the optical surfaces, the pieces can be packaged faster and more effi-
ciently without extra packaging material. More pieces can possibly also be fitted to
a container, which will then reduce the cost of shipping.

8.3
Case Study 1: Comparing Different Design Concepts

The purpose of the first case study is to illuminate the use of cost modeling at the
concept creation phase of a new optical product. Figure 8.5 shows two alternative
design concepts for a viewfinder. Both of the designs are able to perform the same
required optical functions: the optical path is tilted by 90° and the image is magni-
fied by a factor of 1.5. Additional specifications state that the sharp image Field of
View (FOV) is 4.8°, aperture diameter is 8 mm, and transmission of the optics is
higher than 88%. The first design in Figure 8.5(a) is a more traditional one in the
sense that it is made from separate components by using two lenses and a surface
mirror. This design could also be made with glass lenses, but to have adequate
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Figure 8.5 Two alternative optical designs for a telescopic viewfinder: (a) made with
separate optical components and (b) made with a single integrated optical component.

8

Figure 8.6 Parts needed for the first design option: (a) two plastic lenses
and (b) the whole module.
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performance the surfaces will need to be aspheric and plastic offers a lower cost
solution for the intended volumes of this application. The second design utilizes
the potential of plastic optics more extensively by integrating three optical surfaces
to a single monolithic piece.

As both of these design concepts are capable of producing basically the same
optical performance, the designer is left with the difficult task of choosing the one
which can be made with lower cost. The first design is more complicated and
requires more parts as the separate components will need to be assembled into a
module, as shown in the concept module design at Figure 8.6(b). The higher part
count and assembly process will definitely add cost. In the second monolithic
approach, the optical component is a very thick piece, as shown in Figure 8.7(a).
This means that the cycle time will be very long and the manufacturing costs of
this single piece are relatively high.

The first design will require at least three molds: one for the two symmetric cas-
ing halves that hold the optical elements together and two for the different lenses.
However, the two optical molds can be very simple, whereas in the second case
the mold for the imaging prism will be much more complicated with three optical
surfaces that will need to be aligned in a single cavity.

If the required transmission of the system is >88%, the first design will need
AR coatings on all of the lens surfaces due to the fact that the surface mirror will

@
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Figure 8.7 Parts needed for the mono-
lithic design option:

(a) the imaging prism and (b) optional
TIR surface protective cap.

Protective
cap
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loose some light (~8%) on the optical path. In the monolithic approach, there are
actually two alternative ways to make and protect the mirror surface. A protective
cap (concept shown in Figure 8.7(b)) can be used to protect the surface that works
by the principle of total internal reflection (TIR). In this case, no coatings are
needed and the reflectance is nearly 100%. A second option is to put a simple alu-
minum mirror coating on the tilted surface, but this would make the reflectance
worse and some coatings on the two lens surfaces would be needed to meet the
specified transmission. If the mirror coating would be used, there would be no
need for the molding and assembly of the protective cap. Overall, it is very difficult
to come to any kind of conclusion on which design to choose for further develop-
ment without first doing some cost estimation.

Table 8.3 shows the input parameters that were used in the calculation tool to
estimate the component manufacturing costs of the three design concepts. The
materials price for lenses 1 and 2 are different, because the first one should be
made from PC and the second one from Zeonex. The monolithic imaging prism
is also made from Zeonex, but the casing for the separate parts module and the
protective cap can be made from a lower cost material such as PMMA, which suits
better to the mechanical function. Product weights were estimated with the help
of a CAD-program that was able to determine the volume of the piece from the
concept design models. As the lenses and imaging prisms have both roughly the
same projected area, a similar injection-molding machine can be used for both
and the machine rates can be set to the same value. As the casing of the first con-
cept design is somewhat larger in size, it will also need a larger machine and the
machine cost is higher. Machine uptimes and yields depend on the complexity of
the pieces and molds. These can be set to somewhat higher values for the single
lenses than for the imaging prism, which is a more complicated piece with three
optical surfaces. In this exercise the number of cavities was set to four for all of
the produced pieces, but this value as well as the production volume could also be
varied to make a more thorough comparison. Cycle times for each piece were esti-
mated on the basis of their geometry and material properties. The imaging prism
is a very thick part and therefore it will need a lot of cooling time whereas all the
other pieces are much thinner and cool down faster. All the other input parame-
ters for the molding were set the same to keep the calculations simple.

The mold costs for the two lenses were set to somewhat lower values than the
cost for the casing mold, because they are more simple and smaller. However, in
the lens molds there are two expensive optical inserts in each cavity, which makes
a total of eight inserts per mold. In the monolithic prism case, the molds are
more complicated and there are also three optical inserts per cavity, which makes
them clearly the most expensive tools in this example set.

As the lenses have smaller area than the imaging prisms, a larger amount of
them can be fitted to a single coating batch. Because of the transmission specifica-
tion, both of the lenses need AR coatings on both sides, whereas the imaging
prism does not need any coatings if the protective cap is used. If the monolithic
component is coated with a mirror coating, it will also need AR coatings on the
two lens surfaces to ensure adequate transmission.
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Table 8.3 Input parameters used in the manufacturing cost calculations
molding input parameters viewfinder made from separate monolithic with coated
components protective cap monolithic
lens 1 lens2 casehl/h2 imaging protective imaging

prism cap prism
materials price €/kg 10 25 5 25 5 25
product weight g 0.24 0.25 0.62 1.8 0.62 1.8
machine rate €/h 18 18 25 18 18 18
machine uptime % 87 87 90 85 93 85
yield % 92 92 95 90 97 90
number of cavities 4 4 4 4 4 4
cycletime s 27 35 22 240 14 240
work costl (operator) €/h 10 10 10 10 10 10
work cost2 (skilled) €/h 20 20 20 20 20 20
indirect costs % 70 70 70 70 70 70
workers per machine 1 1 1 0.5 1 0.5
batch size 50000 50000 50000 50000 50000 50000
batch setup time h 8 8 8 8 8 8
repair and h/batch 8 8 8 8 8 8
maintenance
tooling input parameters lens 1 lens2  case h1/h2 imaging protective imaging

prism cap prism
mold design cost € 2000 2000 3000 3000 1000 3000
mold cost € 30000 30000 40000 50000 20000 50000
optical insert cost € 1000 1000 - 1000 - 1000
mold life cycles 1000000 1000000 1000000 1000000 1000000 1000000
insert life cycles 100000 100000 - 100000 - 100000
inserts per cavity 2 2 0 3 0 3
coating input parameters lens 1 lens2 casehl1/h2 imaging protective imaging

prism cap prism
coating batch cost €/batch 250 250 250 250 250 250
pieces per batch 2000 2000 2000 1600 1600 1600
coating yield % 95 95 100 100 100 95
coatings per piece 2 2 0 0 0 3
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Table 8.4 shows the calculated manufacturing costs for the three presented
module options. In the separate components case, the time it takes to assemble
the module was estimated to 30 s, and this was used in calculation of the assembly
cost. Also the cost of the additional components was estimated to calculate the
total cost of the module. The protective cap was considered as a part manufac-
tured in the same factory, but this could also be a component that is purchased
outside the company that makes the optical modules. In this case, the cap assem-
bly time was estimated to be 10 s.

Table 8.4 Calculated manufacturing costs of the three module design concept cases.

assembled from separate components monolithic imaging prism with protective cap
tooling molding coating total tooling molding coating total

lens 1 0.028  0.130 0.270  0.428 imaging  0.043 0918 - 0.961

lens2 0028 0167 0272 0467 o

casehl 0011 0127 0000 0.138 f:’;gtemve 00050070~ 0.076

case h2 0.011  0.127  0.000  0.138 assembly — _ _ 0.028

pins - - - 0.020  total 0.049  0.988  0.000  1.064

mirror - - - 0.100

assembly - - - 0.083  monolithic imaging prism with coatings

total 0.078  0.552 0.541 1.374

tooling molding coating total

imaging  0.043 0918 0.539  1.500
prism

The lowest cost (1.06 €/piece) is achieved with the monolithic prism that has a
protective cap. A module made from separate components would cost ~30% more
and the fully coated imaging prism would be over 40% more expensive to make.
Figure 8.8 shows with graphics how the costs are divided in each case between the
different factors. The biggest difference between the two main design concepts is
the cost of molding. The separate parts can be molded with approximately 60% of
the cost of the imaging prism. Coating is a major cost factor in the separate parts
case. If the specification for transmission would be relaxed to, for example, a value
of 82%, then the separate parts concept would be competitive with the cap-pro-
tected imaging prism as only two AR coatings would be needed for the system
and the manufacturing cost would drop to a value of 1.11 €/piece. Similar cost/
performance tradeoff would not be possible with the imaging prism as the cost of
molding is dominating the overall cost of the system. In the monolithic case, the
size of the optical piece would have to be made smaller to get a lower cost module.
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Figure 8.8 Ratios of different cost factors for the three design concept cases.

8.9
Case Study 2: Evaluating Manufacturing Process Improvements

In the second case study, the monolithic viewfinder imaging prism shown in Fig-
ure 8.7(a) is used as an example on how to use cost modeling as a support for
decision making in manufacturing process optimization. Figure 8.9 shows the
simulated modulation transfer function (MTF) of the nominal viewfinder design.
A specification for the acceptable resolution of the optics was set at a minimum
MTF value of 0.3 at 2.4° field half-angle and at 20 cycles/deg. According to a
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Figure 8.9 Calculated MTF graphs of the nominal design.
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Zemax simulation, the nominal design reached a value of 0.44 @ 2.4 deg @ 20
cycles/deg, which is clearly above the specification.

Tolerance analysis was made as a part of the optical design for the example view-
finder. Table 8.5 shows three different tolerance value sets that were used in the
analysis. The first set can be considered as easy-to-reach values for this particular
mold design. The second and third sets were made by first analyzing the sensitiv-
ities of the individual tolerance variables and then tightening the most sensitive
ones. Purpose of this was to reduce the expected performance variations of the
manufactured optical parts. The values are tighter than in the first tolerance set,
but they can still be considered feasible if more effort is put into building the
mold.

Table 8.5 Three sets of tolerance parameter values used in the analysis.

parameter tol. set 1 tol. set 2 tol. set 3
radius of curvature +25pum +10pum +5um
center thickness +50pum +20pum +10pum
surface decenter +50pum +40pum +40pum
surface tilt +0.5° +0.4° +0.2°
refractive index +0.001 +0.001 +0.001
abbe number +1% +1% +1%

Figure 8.10 shows the results of Monte Carlo (MC) tolerance runs made with
the three tolerance sets. The graphs are histograms that show normalized perfor-
mance distributions of 100000 simulated systems in each case. As expected, the
second tolerance set produced a more narrow distribution than the first set and

1.0

M i B A
7/ \
/ \
i A\

0.22 0.26 0.30 0.34 0.38 042 0.46 0.50 0.54
MTF @ 2.4 deg field @ 20 Ip/deg

Number of systems

Figure 8.10 Simulated MC performance distributions.
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with the third set the distribution became most restricted. The first two distribu-
tions have their peaks at about the same value of MTF ~0.48 @ 20 cycles/deg, but
with the first tolerance set there are clearly more systems that fall below the speci-
fied pass/fail limit of 0.3. With the third tolerance set, the distribution peak is at a
lower value of MTF ~0.44 @ 20 cycles/deg, but this time all of the systems are
above the specified performance limit.

Figure 8.11 shows the cumulative yield values calculated from the three perfor-
mance distributions. At tolerance set 1, the yield is ~90% at MTF 0.3, whereas
with the tighter tolerance set 2, the yield is a good ~98%. The tightest set 3 pro-
duces a tolerance yield of full 100%. When these values are used in the cost calcu-
lation tool the following molding costs are obtained: 90% yield €0.92, 98% yield
€0.84, and 100% yield €0.83. From these estimated numbers we can calculate that
the cost difference between the first two tolerance sets in manufacturing will
result to €40 000 with a production volume of 500 000 pieces. This means that if,
for example, €20 000 more is invested to a higher accuracy mold, the cost saving
will be another €20 000, because the better yield will save money in the long run.
However, in both of these cases the yield is such that all of the manufactured
pieces will need to be measured in order to be able to separate the good pieces
from the bad ones. Although the molding cost difference between tolerance sets 2
and 3 is only €5000 at 500000 piece volume, the overall savings can be much
higher, because with 100% tolerance yield a sampling measurement is enough to
ensure acceptable performance. In real life optics injection molding, a 100% yield
is practically impossible to reach, but with a good design it is possible to reduce
the amount of needed measurements to a minimum. Cost modeling can be used
in finding a balance between these factors.

100
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80 — Tolerance set 2
\ = Tolerance set 3

60

Yield [%]
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20
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0.22 0.26 0.30 0.34 0.38 042 0.46 0.50 0.54

MTF @ 2.4 deg field @ 20 Ip/deg

Figure 8.11 Yields calculated from the simulated performance distributions of the
three tolerance sets.
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8.10
Case Study 3: Optimizing an Optical Design at Module Level

In the third case study, a concentrating photo voltaic (CPV) module is used as an
example for showing how an optical component can be designed for module level
optimum. The main idea in a CPV module is to concentrate light with low-cost
optics to a small multilayer solar cell, which can operate at much higher conver-
sion efficiency than a standard silicon panel. In such a module, only a small area
of expensive semiconductor surface is needed to convert the Sun’s radiation to
electricity. A lot of mechanics is needed to make the module and tracking system
that keep the optics in line with the solar cell and pointed to the direction of the
moving Sun. One type of such systems uses Fresnel lenses as the primary optical
element (POE). A secondary optical element (SOE) such as a CPC (compound
parabolic concentrator) is used to relax the aiming tolerances of the tracking sys-
tem, but the POE is responsible for the concentration of light [18].

An aspheric Fresnel lens with a certain aperture size, focal length, and spot size
can be designed in several different ways. If the lens is injection molded, the
thickness of the piece becomes very important. Figure 8.12 shows three examples
of POE designs, which are 50 mm x50 mm in size and have basically the same
optical function. As the number of rings is increased, the thickness of the piece is
also reduced. Figure 8.13(a) shows this relation between the number of rings and
thickness calculated for eight designs. All of the lenses were designed with a
2-mm-thick base layer and the ring structure was formed on top of this layer as
shown in Figure 8.14. As the total thickness dropped from the 8.1 mm of the one-
ring case to the 2.5 mm of the 26-ring case, also the molding cost went down as
the cycle time was reduced. Figure 8.13(b) shows the relation between the number
of rings and molding cost. The graph shows that the design with only one ring
costs over four times as much to mold than the design with 26 rings.

From the component cost point of view, the thinnest design would be an
obvious choice. However, as the number of rings is increased, also the area cov-
ered by the rounded ring tips, troughs, and drafted walls between the rings is
increased. This area is wasted because the light falling on it is not focused to the
solar cell but is instead scattered around as stray light. The relation between the

2 rings

7 rings

19 rings

3.5 mm

2.6 mm

Figure 8.12 Three example 50 mm x 50 mm Fresnel lens designs for POE.
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number of rings and component transmission, as shown in Figure 8.15(a), was
simulated with optical design software Zemax. When the values shown in Figure
8.14 were used, the one-ring case had a transmission of 90% as the 26-ring design
transmitted only 81% of the light. Therefore, from the performance point of view,
the one-ring case would definitely be the best choice.

Figure 8.15(b) shows the relation between POE transmission and molding cost.
This “value for money” graph shows that the relation between performance and
cost is not linear. The costs start to rise fast after about 88% transmission value.
As all of the light falling on the solar cell comes through the POE, the perfor-
mance of the whole module is affected by the transmission of the Fresnel. This
means that the component performance and cost will need to be balanced with
the performance and cost of the whole module.
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Figure 8.15 Relations between (a) the number or rings and transmission and
(b) transmission and molding cost calculated and simulated for the example POEs.



8.11 Discussion and Conclusions

If we assume that the maximum amount of light falling on the CPV module is
1000 W/m?”, module conversion efficiency is 25% (without the Fresnel) and mod-
ule cost is €600/m’, the graph shown in Figure 8.16 can be calculated for the
eight-example designs. The graph shows that the minimum module manufactur-
ing cost in €/Watt is achieved with a POE design that has 10 rings. If the design
with the best performance would have been chosen, the module cost would have
been as much as 22% higher. If the component-level cost optimum design would
have been chosen, the module cost would have been 5% higher than with the
intermediate design that is now optimized for module-level performance and
cost.
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Figure 8.16 Relation between the number of POE rings and module manufacturing
cost calculated for the example designs.

8.11
Discussion and Conclusions

As with any other simulation tools, the results obtained with cost models should
not be trusted blindly. It is very easy to make mistakes with the input parameters
due to lack of knowledge or simple misconception on the functioning of the tools.
The cost models that are used should always be “calibrated” against real-life data
that can be obtained from various sources. The parameter values used in this
chapter were just generic ballpark figures not connected to any specific geographi-
cal region or factory. There is a lot of material available for estimating the process-
ing parameters and costs associated to normal injection-molding production. Un-
fortunately, optics is only a small subsection of this field of manufacturing and
there is clearly less information available for plastic optical parts. Because of dif-
ferent functional requirements, not all of the injection-molding data is applicable
to optics and good care should be taken when the different rules of thump are
used in estimating the parameters for cost calculations.
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One major result from the analysis presented in this chapter was that in respect
to cost the two most important design-dependent features for plastic parts are the
wall thickness and material selection. This is a general rule for all injection-
molded pieces. Unfortunately, the selection of optical plastics is very limited and
no fillers can be used to enhance the properties of materials as is done with stan-
dard mechanical parts. Optics is also all about geometry. Propagation of light is
manipulated with the help of different surface shapes and the flat plate geometry,
which is ideal for the injection-molding process, cannot be utilized effectively in
optics. Diffractive structures, in which the optical geometry is reduced to a mini-
mum, are a rare exception to this rule. However, as in the Fresnel lens case, the
flatness of diffractive optics is followed by deterioration of performance. For some
applications this is acceptable if the functional specifications are not strict and the
cost is the major driving force, but for some applications no reduction of perfor-
mance is possible. And as in any field of product engineering, the optical design
needs to be optimized by balancing performance with cost by considering the
whole module or device.

Concurrent engineering is a philosophy, which aims for better products and
lowered costs by improving the whole product development process [19]. This hol-
istic approach is based on the principles of communication and concurrent deci-
sion making. Many features of concurrent engineering such as DFMA (Design
for Manufacturing and Assembly) and QE (Quality Engineering) can actually be
found from standard optics development practices. Optical designs have always
been restricted by manufacturing possibilities, which means that out of necessity,
DFMA has become a natural part of the process. For example, glass lens systems
are usually designed by avoiding aspherics, because they are expensive and their
quality is more difficult to control. Also the assembly process of complex or high-
quality optics is often considered during tolerancing when the variables and com-
pensators are set for the analysis [20]. Although, the term concurrent engineering
is not usually mentioned in connection to optics, the main idea of interdisciplin-
ary cooperation is clearly the same. The fact that plastic optics components are
buried into more and more complex devices creates a need for guidelines and
tools that make this design integration possible. Cost modeling of optics manufac-
turing offers just one extension to this practice.

A good optical design is optimized to meet the tolerances of the intended manu-
facturing process. This means that some of the peak performance of the ideal
design can be sacrificed to make the performance distribution inside a production
series more narrow and/or yield higher. In a similar way, the cost models could be
used for tolerancing costs. Parameters such as cycle time are sometimes very diffi-
cult to predict accurately for optics as the high requirements may drive the values
to extremes. With false predictions the estimated costs can be either too high for,
for example, a competitive quote or too low for, for example, feasible profit mar-
gin. Both qualitative and quantitative analysis can be made with a parameterized
cost model. The sensitivity analysis of the injection molding process shown in
this chapter is an example of the former case. The latter case could be covered
with a Monte Carlo analysis in which the input parameters of the model are varied
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according to an estimated distribution and the outcome would be the probability
distribution of cost. These kind of simulations could make cost-risk management

a little easier.
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9
Applications of Injection-Molded Optics

Stefan Béiumer (Philips Applied Technologies, Eindhoven, The Netherlands)

9.1
Introduction

There are many applications of injection-molded optics all around us. It starts off
by personal communication items: mobile phone cameras, web cameras, enter-
tainment applications such as CD, DVD, or Blu-ray players, head-mounted dis-
plays (HMD) for viewing or gaming experiences, more and more lighting applica-
tions mostly in conjunction with LED technology, all kinds of sensor technologies
ranging from remote controls to industrial distance or level sensors. Solar energy
and medical diagnostics are newer application areas as well. Once one observes
the environment minutely, the list seems endless. In many cases, the reason for
injection-molded optics is either cost advantage in volume manufacturing, integ-
ration of function in combination with freeform type of optics, or weight. Some-
times, it is a combination of two or more of these items. This chapter visualizes
some of these applications. All the products have been manufactured (some as
prototypes) and show how versatile injection-molded optics can be. Going through
the chapter, one gets a quick overview of what different possibilities are feasible
using injection-molded optics. It should also become clear, that injection-molded
optics is way past the state of low quality toy-like optics. For the different contribu-
tions, the following format has been applied:

e application
 why plastic optics?
e challenges.

Following these three guidelines, the essence of plastic optics in the applica-
tions is revealed. However, before going to the examples, trends in different in-
dustries where injection-molded optics is important will be discussed. Most of the
trends will also be supported by one or two examples in this chapter. Further
details can be found in the literature [1].

Handbook of Plastic Optics. Second Edition. Stefan Biumer (Ed.)
Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-40940-2
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9.1.1
Lighting Industry

Following a global trend toward more energy efficiency and -saving, the lighting
industry is undergoing a major change from incandescent lighting to more ener-
gy-efficient lighting. One of the main contributors to more energy-efficient light-
ing is LEDs. Using LEDs in general lighting requires different optical systems
than in the past. LEDs are relatively small in lateral dimensions and the bare die
has got a radiation pattern different from incandescent sources. The radiation pat-
tern extends only over one hemisphere and not into the 360° space like incandes-
cent sources. And due to the relatively small chip dimensions, lenses capturing
and shaping the light come into play. Optical systems involving LEDs have to be
designed differently. One main difference is that quite often a two-step approach
is taken. The so-called primary optics is positioned very close to the chip and put
boundaries on the radiation angle. Sometimes the LED chip is even encapsulated
by transparent material with an optical shape [2]. Once the radiation is bound by
the primary optics, a secondary optical element is used to shape the light further
into the form it is desired. In many cases, the primary optics is made of injection-
molded transparent silicon-based material; see example on silicone primary
optics. The reason for the silicone material is mainly heat resistance and tempera-
ture stability at elevated temperature that occurs close to the LED chip. The sec-
ondary optical element can be made from thermoplastic optical material. Figure
9.1 schematically illustrates the situation.

Figure 9.1 LED with primary and secondary optics.

Since often many LEDs are needed in one application, the number of optical ele-
ments for the LEDs is high as well. Therefore, a cost-effective way of producing these
optical elements has to be found, and injection-molded optics could be the manufac-
turing method of choice. Another advantage that goes together with the molded optics
is the freeform capabilities. In more and more applications, LEDs are used in combi-
nation with so-called freeform optics. Because of the diamond turning capabilities
of today’s state-of-the-art single-point diamond turning machines, these uncon-
ventional shapes can be realized a lot better [3]. Figure 9.2 shows a typical LED
collimator, making use of total internal reflection (TIR) and refractive surfaces.
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Figure 9.2 Typical LED collimator optics
(Photo courtesy of LEDXtreme, Vancouver,
Canada).

Applications of LED illumination systems are manifold: indoor, outdoor, porta-
ble, and automotive is a possible top-level classification (see, e.g., street lighting).

Other examples of using LEDs in conjunction with injection-molded optics can
be found in functional and accept lighting as well. Logos of companies are being
illuminated or projected by a few LEDs. An example is shown later in the chapter.
Yet another LED application is the mobile phone flash, of which a product is
shown later as well.

The automotive industry already adapted LEDs in rear lights and brake lights.
Front lighting might follow. The first series cars with full LED head lighting are
released [4]. In general, lighting in and around the automobile has become a
strong design element and distinguishing factor. Many of these applications are
LED based and require more or less complicated optics, which can be realized
very well using injection molding.

9.1.2
Mobile Communications

Mobile communication and entertainment has been at the cradle of high-volume
manufacturing of injection-molded optics. Starting in the 1980s with optics for
CD players, injection-molded optics got a real boost in precision, volume, and also
in acceptance. CDs are being followed by DVDs and now Blu-ray technology. In
all the systems, injection-molded optics plays a major role and was to some extent
enabling the commercial successes because of the cost-effective way of producing
these parts. Later, at the beginning of this century, mobile phone cameras fol-
lowed. Today in this whole sector, probably most of the injection-molded optics is
produced. Driving forces are cost, volume and integration capabilities, and weight
(see, e.g., mobile phone camera, phone flash, add on lens mobile phone, HMD).

9.1.3
Security

Security is a sector that has shown consistent growth over the last years. Cameras
are widely used in this sector. Although surveillance cameras are usually equipped
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with glass lenses, there are some examples where plastic optics is applied as well
(see, e.g., security camera). Besides surveillance cameras, there exists a wide variety of
biometric applications: iris scanners, fingerprint readers, and access point scan-
ners are some examples. In many of these sensors, molded optical parts are being
applied. Reason for the molded optics again is cost and integration capabilities.

9.14
Healthcare

Healthcare is being perceived as the growth industry of the 21st century. One of
the main trends in healthcare is the so-called personalized healthcare. For that
patients need to gain access to more diagnostic devices and aids. Many of the
devices for self-testing are based upon optical technologies. Glucose measurement
for diabetes is one of the most known examples. Another trend in healthcare is
earlier and faster diagnostics of various diseases. For that to happen, various test
methods of DNA and proteins are being developed. Quite a few of them are based
upon optical technology. For these tests to break through, cheap disposables are a
necessity. Injection-molded parts (not necessarily optics only) are very well feasi-
ble options [5]. An application that is penetrating the market as well is a miniature
camera that can be swallowed. With the aid of this camera, investigations of the
intestines are carried out [6].

Another large volume application of molded optics is the spectacle lens indus-
try. Today many spectacles are produced out of polycarbonate, because of the good
optomechanical properties of polycarbonate (nonbreakable and light weight). For
spectacle lenses, an example is shown in this chapter. Contact lenses as well and
the manufacturing process of them can be counted in the wide field of application
of molded optics. Since many of these designs and applications are fairly sensi-
tive, it is very difficult to publish any case studies at this point. However, many
sources can be found on corporate websites and in the literature [7].

9.1.5
Sensors and Other Applications

Besides the categories mentioned above, there is also the wide field of sensors where
injection-molded optics has got its place: barcode scanning devices at the cashiers,
optical mice for computers, HMD for virtual reality and gaming experiences, optical
level sensors in construction, light gates in automation, vision systems, simple optical
systems in toys, and micro projection (see micro lens array (MLA) example). In this
category, automotive applications have to be mentioned as well. There is a whole se-
ries of cameras, sensors, and displays that can be found in modern cars. Head up dis-
plays (HUDs) can be found in more and more vehicles. Rear view and side view cam-
eras are being applied in cars. Security systems like lane departure cameras and sys-
tems that detect the presence of passengers for airbag release are being developed and
applied. Many of these systems make at least partial use of injection-molded optics.
The reason is mostly cost-savings compared to glass optics in the same volume.



9.1 Introduction

9.1.6
Photovoltaic

In recent years, photovoltaic regained lots of attention and importance. Among
the photovoltaic systems, the so-called concentrated photovoltaic systems (CPV)
link nicely with high volume, low cost optics. In CPV, a small amount of silicon or
GaAs semiconductor material is used for the conversion of light into current.
However in order to collect as much light as possible onto the small semiconduc-
tor surface, optical systems are being used. From a principle point of view, these
optical collector systems show a certain similarity with LED illumination systems,
here only used the other way around. Most of the CPV optical systems that are
being manufactured today make use of a primary optical element, that is, a large
Fresnel lens and a secondary optical element close to the photocell, something
like a compound parabolic concentrator (CPC). Potentially, this market segment
could develop into another high-volume segment for molded optics (see example).
Also in the field of CPV, the freeform capability of injection-molded optics might
play a major role in the future. Several novel design concepts involving freeform
optics are emerging and being presented at scientific conferences, see for example
the conference on Nonimaging Optics and Efficient Illumination Systems V [8].

Although the list of application of injection-molded optics is long, it is most of
the time quite difficult to convince people to publish their application — at least at
the level of detail done here. Therefore, the author is extremely grateful to all the
contributors who found the time and were willing to contribute to this project.
Hopefully this chapter will inspire readers to think about injection-molded optics
in their own applications.
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9.2
Architectural LED Accent Lighting

Application

Architectural accent lighting is a very good application for LEDs. The expected
lifetime, small size, low energy consumption, and rich color of LEDs can be con-
sidered as strengths. Yet, the amount of light an LED emits combined with its
price defines a new set of rules for product development and optics design in the
luminaire business. High optical efficiency together with well-prescribed light pat-
terns defines a new challenge to optical design. The price for the optical parts has
to compare to standard illumination optics. Figure 9.3 shows a luminaire for high-
lighting the soffit of a window, the window frame in a facade. The light of two
LEDs is mixed in a color mixing rod. A 3D tailored freeform mirror redirects the
mixed light toward the target, a strip with 20 cm width and 280 cm height. Tai-
lored freeform optics allows to yield the prescribed illuminance pattern without
clipping any radiation. For a specific architectural project, approximately 3000
luminaires are needed to be built in a tight time schedule. Three elevations of a
representative building are artfully illuminated with approximately 3 kW of electri-
cal power.

Figure 9.3. 3D tailored freeform mirror (a) casting the light into a
thin strip inside an external window frame.

Why Plastic Optics

The two parts of the hollow mixing rod as well as the freeform mirror were pro-
duced by injection molding. The plastic construction allowed an easy extension of
all parts with frames and mechanical holders, slipping into a main frame of laser
cut sheet metal. Single-point diamond ball end milling of the tool for the freeform
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mirror allowed a precise tooling of the freeform mold, while injection molding of
the part promised a good replication of this complex geometry in the first loop.
For the comparably low volume, it was sufficient to use a soft tool. This approach
allowed yielding both targets for time as well as costs.

Challenges

The optics design for this demanding project needed to be done quickly and accu-
rately. The 3D tailoring of freeform surfaces supplied a straightforward approach
for calculating the mirror surface. Integrating the optical surfaces into the me-
chanical design helped reducing the number of parts to a minimum of three for
the optical system, easily connecting them to the mechanical structure. Translat-
ing the NURBS of the freeform surface into a machine path required specifically
programmed CAD-CAM tools. Metrology for the freeform surface of inset as well
as for the parts was not available, so precision had to be achieved in the first run.
Meeting the schedule as well as the price targets was the biggest challenge. Identi-
fying the optimal manufacturing approach for the small volume was a critical
point in this project.

Contact Information

Andreas Timinger, OEC AG, timinger @oec.net, www.oec.net
Horst Wodak, UPT Optik Wodak GmbH, h.wodak@upt-optik.de,
www.upt-optik.de
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9.3
Freeform Lens for Logo Forming lllumination

Application

The use of freeform surfaces in illumination has been increasing tremendously
over the last 15 years. Freeform surfaces allow forming a well-prescribed and com-
plex illuminance pattern at a target surface with a single optical element. The ap-
plications range from automotive head lighting over machine lighting to general
illumination. In the last decade, different algorithms for the design of freeform
surfaces have been proposed and implemented. Ray-tracing simulations and sin-
gle piece prototypes show very good performance of the resulting parts. Yet, to
prove the validity of freeform optics in industrial processes with high-volume out-
put, the complete chain from optics design to a part, fit for mass manufacturing
had to be proven.

Experts for optics design, ultraprecision tooling, and precision injection mold-
ing teamed up for this demonstration project to produce a series of plastic lenses
with a freeform surface to cast logos of light. Figure 9.4 shows two of the resulting
lenses with their light distribution. The front surface of each lens is a spherical
surface with large radius. The rear surface is a 3D tailored freeform surface form-
ing the light into the intended pattern.

Figure 9.4 (a) and (b) Photos of freeform lenses casting their illuminance patterns.

Why Plastic Optics

The tooling of freeform surfaces is in most cases a time-consuming process. In all
cases, it is significantly more expensive than tooling for spherical or rotationally
symmetric surfaces. Illumination applications usually need a high-volume output
at moderate or very low costs. Hence reproduction processes for the optical ele-
ments must meet moderate cost targets. On the other hand, to keep their perfor-
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mance edge, freeform optics need to meet tolerance targets, which are tighter
than usual for illumination optics. For cost reasons and the ability to integrate me-
chanical parts into the optical parts as well, plastic optics already have a large mar-
ket share in illumination optics. Injection molding and compression injection
molding of plastic provide replication processes, which allow controlling the bal-
ance between accuracy and prices.

Challenges

Calculating freeform surfaces for illumination requires up-to-date algorithms and
computing power. The 3D tailoring approach provided very adequate means for
this challenge. The translation of the NURBS representation of an optical surface
into a machining path for single-point diamond ball end milling is not a standard
procedure and had been tackled with in-house programming at the tooling part-
ner. The process control for compression molding needed to be elaborated to yield
a good balance between quality and holding time. Since metrology of optical free-
form surfaces was not available in the project, a reliable process for tooling was
needed. The quality of the molded parts could be assessed by a visual test.

Contact Information

Andreas Timinger, OEC AG, timinger @oec.net, www.oec.net
Horst Wodak, UPT Optik Wodak GmbH, h.wodak@upt-optik.de,
www.upt-optik.de
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9.4
Optics for Street Lighting Luminaires

Application

In the coming decade, it is expected that the technology for street lighting will
undergo a drastic change from the current use of conventional light sources (e.g.,
low-pressure sodium) to LED-based light engines. The driving force behind this
will be mainly power consumption. LED-based luminaires are already consider-
ably more power efficient than conventional types. Also the LED-based luminaires
generally provide a much better color rendering making it possible to achieve the
same visual acuity (visibility distance for small objects) with a lower amount of
lumens, hence contributing again to power savings. In addition, energy savings
can be obtained through selective lighting control that becomes more easily acces-
sible because LEDs can be dimmed rather easily.

Why Plastic Optics?

The challenges of street lighting applications are manifold. One of them is the
expected lifetime extending easily beyond 15 years. Cost-effectiveness is another
one, and clearly the earlier mentioned power savings are crucial. In the latter
respect, it is important to exploit the advantage that LEDs have over conventional
light sources — that is, LEDs are very small in size. A small source in principle
enables a much better control of the light directions, thereby preventing light
from being wasted into areas where it is not needed. This can be realized with
appropriate small optics close to the LED. Given the boundary conditions of effi-
ciency, accuracy, and cost, the production method suited best for such optics is
injection molding. In the inset of Figure 9.5(b), an example of such an optic is
shown.

Figure 9.5 (a) Photo of an LED-based street lighting luminaire.
(b) Close-up view of the luminaire with the inset showing one of
the plastic lenses placed around a LUXEON Rebel LED.
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Challenges

The optics designs of street lighting luminaires are demanding in terms of the
combination of simultaneous realization of high surface quality (preventing
glare), accuracy in shape (ensuring good uniformity in illumination), low manu-
facturing cost, durability over lifetime against UV light, and elevated temperatures
and ease of assembly. All these challenges can be met using injection-molded
optics of the type shown in Figure 9.5.

Contact Information

Stefan Biumer, Philips Applied Technologies, s.m.b.baumer@philips.com
www.apptech.philips.com

Author: Pascal Bloemen, Philips LumilLeds, info@lumileds.com
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9.5
Injection-Molded Transparent Silicone for High-Temperature and UV-Stable Optics

Application

The number of applications is increasing where temperature load and/or UV load
are so high that standard transparent plastic material (e.g., PMMA, PMMI, PC) is
not feasible any more. Typical applications are high brightness LEDs, where
already radiation densities of 1 W/mm® are achieved. Multichip arrays are already
on the market (e.g., for automotive headlamps), where the longevity of the pri-
mary optics is a challenge for standard plastics. Another field of application is sec-
ondary optics for CPV, where highly concentrated sunlight is collected by plastic
optics before hitting the solar cell (see Figure 9.6).

Figure 9.6 (a) Silicone lens prototypes for secondary CPV applications.
(b) Serial silicone lens application for high power multichip LED.

Why Plastic Optics

The large quantities needed for LEDs and solar cells make it necessary to use a
scalable production process feasible of producing millions of parts per year at very
high quality and simultaneously at a reasonable price. Additionally, the optics
needs to function for the full lifetime of the product, which can be 20 years or
more (for CPV). Thus, injection molding is the suitable process for these applica-
tions, but not with standard polymers, but with injection moldable silicone. This
material is proven to provide long lifetime and good UV and heat stability, with a
transparency even higher than that of polymethylmetacrylate (PMMA).

Challenges
Silicone hardens by a curing process. Thus the mold design differs significantly

from thermoplastic mold design. Since the polymerization is initiated by tempera-
ture, cold runners are used to prevent the resin from curing already in the injec-
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tion machine. The mold itself is heated, and thus the contact of the silicone resin
with the hot mold starts the curing.

The resin consists of two components and is mixed just before injection. It has
very low viscosity, which requires a very careful design of the mold to avoid leak-
age and flashes. Sliders are typically not feasible in a mass production silicone
mold due to the risk of flashes blocking the sliders after some injections.

To achieve the accuracy necessary for the high precision demands, diamond
turning inserts are typically used. Due to the low viscosity, silicone reproduces
very good, even extremely tiny structures, e.g., diffractive optical elements are pos-
sible as well. To compensate shrinking of the silicone when curing, insert correc-
tions are inevitable, resulting in one or two iterations in the optimization process.

For high-volume output, multicavity tools are possible. Eschenbach has pro-
duced up to 64 cavity tools, resulting in a maximum annual output of several tens
of millions parts per mold. Also thick parts are possible with silicone. A big advan-
tage of silicone in that case is that the curing time is not increasing with the thick-
ness like it is the case for thermoplastic injection molding.

Due to the soft surface of silicone, mechanical dimensional measurements are
not possible; only optical measurement and control devices are possible.

Contact Information

Thomas Luce, Eschenbach Optik GmbH , Thomas.luce@eschenbach-optik.com
www.eschenbach-optik.com
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9.6
Compact Camera for Mobile Applications

Application

During the last decade, integrated cameras have become a standard asset for
mobile telephones. These cameras are very compact and yet show a remarkable
image quality for their form factor. Also the number of pixel has been increasing
steadily, leading to more demanding optics. Autofocus and zoom capabilities have
been added into some models as well. This makes these camera modules com-

plete micro-optical electrical mechanical modules (MOEMS). Figure 9.7 shows a
typical image of such a camera.

(b)

Figure 9.7 (a) Photo of a typical mobile phone lens.
(b) Optical cross-section of a typical mobile phone lens.

Why Plastic Optics?

The challenges for mobile phone applications are manifold. One of them is the
manufacturing volume involved. Mobile phone cameras are produced by millions
per month. Also the cost price for the optics needs to be very competitive. There-
fore, the production method suited best for this application is injection-molded
optics. Another more technical reason is that given the form factor and the
desired performance of such a camera optic, the use of aspheric optical elements
is absolutely necessary. In order to produce aspheric optical elements in large
quantities at low cost, again injection molding optics is the most suitable way of
doing so. Integrating optical and mechanical features for these lenses has to be
done as well. Only a good enough optomechanical design will provide sufficient
yield during assembly. Therefore, integrating some mechanical features in the
plastic lenses will aid tight tolerance assembly.
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Challenges

The optics designs of the mobile phone cameras are very demanding in terms of
tolerances. The biggest challenge is to produce lens elements in multicavity tools
with a high enough yield. The surface alignment and contour accuracy needs to
be of micron and submicron accuracy. This needs to be combined with an assem-
bly strategy designed for yield. A good process control and suitable metrology
should be in place. On the design side, the challenge is to match tolerance and
manufacturing capabilities. Balancing the lenses thermal and also in chromatic
aberrations is quite a task given the limited amount of materials in plastic optics.

Contact Information
Author: Stefan Baumer, Philips Applied Technologies,

Contact: Rien de Schipper, Penta HT Optics; r.de.schipper @ penta-ht-optics.com
www.apptech.philips.com
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9.7
Macrolens for an Add-on Microscope Device

Application

An add-on device (Figure 9.8(a)) that can be used to make a simple mobile micro-
scope has been developed. A standard camera phone can be turned into a micro-
scope simply by placing the device on top of the phone’s camera aperture. Inte-
grated macrolens design (Figure 9.8(b)) contains both the imaging and illumina-
tion optics in a single piece. In the latest prototype, the bifunctional lens was also
injection molded directly on a circuit board [1] containing the illuminating LEDs
(Figures 9.9(a) and (b)). Pictures taken with the second generation prototype have
shown that the phone and add-on device combination can resolve 10 pm features
on a 4x 3 mm’ object surface. A mobile microscope, such as this, holds the bene-
fits of an instant microscope image at any site and wireless transfer of data via, for
example, Bluetooth or e-mail. Some potential applications for “telemicroscopy”
are inspection (e.g., paper/print quality), security markings, telemedicine, envir-
onmental monitoring, and education [2].

Figure 9.8 (a) Add-on microscope device for a mobile phone and
(b) the bifunctional lens component.

Figure 9.9 The lens has been injection molded directly on top of a circuit
board with illuminating LEDs.
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Why Plastic Optics

Plastic optics offers a cost-effective way to integrate the two different optical functions
needed in a microscope system, imaging and illumination, to a single component.
The central imaging lens is double-aspheric and it functions as an extreme macrolens
for the phone camera optics. The surrounding illumination system consists of para-
bolic and conical shapes that collect and direct the light from the LEDs to the area to
be imaged with the camera. These four complex optical shapes can be effectively com-
bined by building a single tool that is used to replicate all the features to the 3D shape
with one shot of the injection molding machine. By combining the functions to a sin-
gle component, one can also avoid the need for assembly and relative adjustment of
the two optical structures. In this example, the level of integration has also been
brought to another level by combining active optoelectronics with the passive optical
structures. A circuit board with wire bonded and packaged LED chips was inserted
into the mold and the optical structures were injection molded directly on top of and
through the electronic component. The PMMA material was, therefore, also used to
package the sensitive semiconductor chips by embedding them into the optics. This
insert molding technology makes it possible to use bare chip components that are of
lower cost than packaged components and also enables some performance improve-
ments due to the lower number of optical surfaces between the emitter and target.

Challenges

Integration of two different optical functions and embedded electronics imposed
some very special challenges to the whole development cycle of the prototype
optics. In order to fit all the optical surfaces together into a single manufacturable
piece, two different optimization approaches were needed. Standard sequential
ray tracing was used in optimizing the imaging lens, and nonsequential ray tra-
cing was used in designing the illumination features. These were performed con-
currently in a design and simulation loop that also included mechanical design.
This loop ensured that all the geometrical requirements from the optical functions
(e.g., resolution, homogeneous illumination, and stray light) and manufacturing
method were considered properly. Integration of the electronic circuit board
increased the challenges of mold design and injection molding. Special features
were designed into the mold to overcome the problem of circuit board thickness
variation and particular care was needed in finding the suitable molding process
parameters that made it possible to overmold the delicate wire-bonded LED chips.

Contact Information

Jukka-Tapani Mikinen, VIT — Technical Research Centre of Finland,
jukka-tapani.makinen @vtt.fi, www.vtt.fi.
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9.8
Camera Flash for Mobile Phones

Application

During the last decade, integrated cameras have become a standard asset for
mobile telephones. These cameras are very compact and yet show a remarkable
image quality for their form factor. Accompanied with this trend is the increasing
desire to maintain this high image quality in dark environments and hence also
have a compact flash. LED-based flash modules have in recent years proven to be
extremely suitable to fulfill this need. By using LED-based modules, the stringent
demand for very low form factor is met and at the same time offering more func-
tionality (torch and auto-focus assist light) than ever in this same extremely small
volume. Additional advantages are the robustness and being Pb-free. Moreover,
the use of Fresnel type of optics provides an appreciable freedom in design
impacting phone appearance (see Figure 9.10).

Figure 9.10 (a) An example phone demonstrating the small size of the Flash unit.

(b) A cross-section of a typical Fresnel lens. (c) A Fresnel lens integrated in a unit with
other mechanical functions. The row in (d) demonstrates the design freedom through
different possible lens designs.

Why Plastic Optics?

A major challenge for this type of application is to realize an extremely competi-
tive cost price at a good performance. The lens is commonly integrated into the
phone cover and for reasons associated with matched thermal expansion plastic
needs to be used as lens material. Also often several alignment and other mechan-
ical features need to be integrated to enable accurate assembly. Therefore, there is
no doubt that the production method suited to manufacture such flash optics is
injection molding.
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Challenges

The optics designs of Fresnel lenses for flash application are demanding in terms
of surface profile accuracy. As a result of the ultra-low building height, the lens
requires a considerable number of Fresnel teeth that each should have the correct
angle, and equally important the teeth should be sharp. When not sharp enough,
an appreciable amount of flash light is not directed at the intended scene and
hence will not contribute to the image quality. Supplier choice and process condi-
tions need to be checked to ensure a good optical performance. Figure 9.11(b)
shows a microscope image of a Fresnel lens with teeth that are rounded too
much, whereas Figure 9.11(a) shows a Fresnel having the proper surface quality
and sharpness of teeth.

Figure 9.11 Microscope images of (a) a good-quality Fresnel lens and (b) a bad-quality
Fresnel lens. The thickness of the transitions is the representative for the sharpness
(rounding) of the teeth.

Contact Information
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9.9
Extreme Aspheric Objective for 360° Camera System

Application

The application in this instance is an eight-element (Figure 9.12) 360° omni view
imaging system with a depth of field from 12 inches to infinity. The optical design
performance demanded multiple biaspheric surfaces but most critically an objec-
tive with four active optical zones, including two second surface mirrors and two
AR apertures (Figure 9.12). Plastic was also the only obvious choice because of the
physical packaging constraints. The entire lens train could be no more than
100 mm. Given the product application market of commercial and home security,
a full omni-directional camera without the need of articulating motors or drives,
the volume requirements were quite large and the market cost drivers low. Target
cost for the entire system was less than $100.00 USD.

Figure 9.12 CAD model of the
security camera assembly.

The exercise became far more than a simple integration of lenses, as the assem-
bly cost would play an important role in the success of meeting the target price.

Challenges

Since the entire lens train were more of conventional polymer optic problems
(i-e., good edge thickness to CT ratio, large flange area, and with the exception of
one lens meniscus or positive), the real trial was with Element 1. The object had
four active optical areas, a center-to-edge thickness ratio of 6.7:1, and an index of
refraction requirement that specified cyclic olefin copolymer as the material of
choice, see Figure 9.13. Thus the challenges were as follows:

e very thick optic (17.120 mm center thickness);
o Dbiaspheric with steep S1 departure rate;
¢ COC material — generally requires long cycle time and is not low cost conducive;
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Figure 9.13 Technical drawings and specifications.

 multiple thin films BBAR and Al reflective coatings;
» Metrology requirement generally required contact profilometry.

To solve these issues, Syntec Optics assumed innovative approaches initiated
with the mold design incorporating an active hybrid cooling system and an evolu-
tionary gating scheme. This allowed a reasonable process window to be created
and the option for multicavity tooling development. The ability to accurately con-
trol the shrink amount typically associated with such thick optics enabled process
diffraction optical element (DOE) to compensate the insert geometries for cycle
time reduction, thus significantly reducing the element cost. Robotic end of arm
tooling providing labor-free handling and custom-designed null correctors were
incorporated with Fisba Interferrometers in line to minimize in process inspec-
tion time.

Contact Information

Paul R Tolley, CEO, ITC MEMS www.itcmems.com, paul.tolley@itcmems.com
www.syntecoptics.com.
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9.10
Snap-Mounted Optics Assembly

Anyone who has been involved in product design for any length of time has
experienced efforts that have not made it to market for various technical, market-
ing, or financial reasons. But in most cases, there were embedded successes in
these efforts. Such is the case for the fairly complex structure represented in Fig-
ure 9.14; a molded optomechanical subassembly for a head-mounted display
intended for minimally invasive surgical procedures.

Figure 9.14 Prisma HMD snap — assembly (US patent 6,480,174).

In the end, the chosen optical approach proved to be impractical. But the opto-
mechanical integration techniques were unique and effective. The challenge was
to integrate seven individually molded optical functions into a subassembly with
least labor and exquisite precision, involving the fewest mechanical interfaces in
order to minimize tolerance stacks. Goals included automatically referencing opti-
cal elements to one another without any secondary operations such as alignments
or bondings.

This was accomplished by using a common mechanical base with integrally
molded features including two snap fingers, one spring finger, and three refer-
ence surfaces for each inserted optical component. Each optical component had a
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corresponding series of eight contact points to achieve alignment in all planes and
axes with a three-point plane (rear surface), a two-point line (bottom), and a sin-
gle-point reference (left side); all loaded into contact with the snaps and spring.
This concept is graphically illustrated for a single optical element in Figure 9.15.

i I N

Figure 9.15 Molded snap fit.

Contact Information

Ray Hebert, Prisma Optics, prisma-optics@mindspring.com
WWW.prima-optics.com.
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9.11
Solar Fresnel Lenses

Application

Augustin Jean Fresnel published his treaty on Fresnel lenses for lighthouses in
1822. He understood that only the curvatures of the surfaces of a lens are impor-
tant. The bulk of the material could be eliminated. Suddenly, it became possible to
design and make lightweight large-area Fresnel lenses composed of glass prisms
(Figure 9.16). Global and local surface slopes are decoupled.
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Figure 9.16 Fresnel lens prisms. Step size is 0.5 mm. Light enters from the top
and is refracted toward the left.

Lighthouses became obsolete, but Fresnel lenses (now made of plastics) are
applied as state-of-the-art concentrator lenses for CPV (Luque 2008). The collec-
tion of sunlight demands large-area, lightweight, and durable lenses of high spec-
tral transmissivity and high accuracy. The development of CPV systems is driven
by efficiency and cost. The decoupling of slopes allows for the design of non-
imaging Fresnel lenses (Leutz 2001).

Why Plastic Optics?

Large-area Fresnel lenses are produced by casting or hot embossing. Single lenses
may have any size, but individual lenses are often combined into parquets of areas
exceeding 1 m’ (Figure 9.17). The lenses must be highly transmissive, that is, the
geometrical losses due to tip and groove radii, and slope of the draft angle must
be minimal. The high surface tension of glass prohibits sharp prism structures
when made of cost-effective processes like hot embossing or molding.

Plastic Fresnel lenses can be made in large quantities at a cost below 100 €/m’.
Parquets are made to size, with built-in alignment tolerances. The plastic parquet
facilitates mass manufacturing of CPV modules.
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Figure 9.17 Fresnel lens parquet for
concentrating photovoltaics (CPV) hot
embossed in PMMA.

Challenges

The design of nonimaging Fresnel lenses for CPV is successful only if advanced
under a systems approach encompassing the spectral and angular characteristics
of the sun, as well as the performances of the parts of the CPV plant in terms of
optical efficiencies and tolerances. Lens and secondary (if any) must be designed
as one optical train, matching the spectral response, and the uniformity require-
ments of the multijunction cell.

Tooling of Fresnel lenses is a forgotten art. Making Fresnel tools by modern
lathing using diamond points cutting an x—y-profile is a difficult task as prism
surfaces must be smooth, and prism grooves must be as sharp as possible with
radii under 5 um.

Solar Fresnel lenses are embossed in PMMA in a hot-and-cold pressing process
(Figure 9.18). Other plastics include silicones, which are cured during the
embossing process. Mass manufacturing of large-area optics requires time-opti-
mized processes and full automation.

PMMA has a large thermal expansion coefficient of 8.4107*K . Differential
expansion in CPV modules must be observed. The spectral transmissivity of
PMMA can be adapted to the solar spectrum. Enhancement in the UV from
350nm is a challenge if the material is not to be compromised in its stability.
Solar PMMA will be exposed to outdoor conditions for 25 years; its surface hard-
ness of 3—4 H could be improved to better scratch resistance.

Figure 9.18 Fresnel prism embossed in
silicone. Step size 0.5 mm.
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The longevity of plastic optics is decisive for the success of the majority of CPV
systems: PMMA and some silicones are UV-stable, weatherable, and do not yellow
(Figure 9.18). And plastic optics is quite suitable for high-grade solar Fresnel
lenses.

Contact Information

Ralf Leutz, Concentrator Optics GmbH, ralf.leutz@concentratoroptics.com,
www.concentratoroptics.com.
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9.12
Refractive-Diffractive Eyepiece

HMDs have had a strong military market for years. But efforts to commercialize
their applications have been slow to develop due to limitations and tradeoffs of
cost, performance, quality, and ergonomics. This is now changing due to technical
advances in combination with miniaturization and mobility of applications that
would benefit from large-screen graphic quality. Microdisplays have been shrink-
ing in size, thereby impacting cost, and gaining in resolution with decreasing
pixel size.

These considerations place substantial demands on the design of the virtual-dis-
play eyepiece optics in terms of performance, size, weight, and cost; demands that
generally cannot be met with conventional glass optics. Optical performance
requirements include wide field of view, high resolution, low distortion, and mini-
mal color in combination with ergonomic requirements of focal range, substantial
eye relief, and large exit pupil for generous eye placement tolerance with minimal
eyestrain. In other words, we are talking about very short focal length, low f/num-
ber designs.

The application of diffractive chromatic correction has been found to be highly
beneficial to such designs, best used in combination with some degree of refrac-
tive chromatic correction. This combination approach minimizes the characteris-
tic blue or red haze associated with the falloff of diffractive efficiency to either side
of the chosen optimization wavelength. At the same time, it reduces overall thick-
ness by taking advantage of the positive optical power of a diffractive surface and
reduced required negative power associated with refractive chromatic correction.
The combination also tends to keep challenging diffractive cut profiles to a realis-
tic scale (pitch greater than 10 um). Along with aspheric profiles, this minimizes
path length, number of elements, weight, and cost.

Figures 9.19 and 9.20 illustrate a refractive—diffractive eyepiece doublet design
based on the above principles. In keeping with the principles of refractive achro-
mats, a positive eyepiece of a lower dispersion material (Apel) is followed by a neg-
ative element of a higher dispersion material (polycarbonate); in this case, placed
in a field lens position for distortion control. The diffractive surface is applied to
the inside, environmentally protected surface of the positive element with power
appropriate to achieve ideal performance tradeoffs. Based around a 7.7-mm diago-
nal microdisplay, this 14.9 mm effective focal length (EFL), f/1.85 design achieves
a 28° field of view with an eye relief of 20 mm and an unobscured exit pupil of
8 mm. Video graphics array (VGA) resolution is achieved with 50% MTF through
a 4-mm eye pupil with less than 1% distortion.

Many such designs are now in production, several with further enhancements
of field of view (FOV) and resolution with the addition of a third element.

The primary disadvantage of this approach is the limited choice of vendors capa-
ble of tooling and molding such designs. There are perhaps no more than a dozen
or so such firms in the USA. A precision diamond-turning lathe and specific skills
are essential to the prototyping and tooling of diffractive surfaces, as well as
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Figure 9.19 Overview design refractive—diffractive eyepiece.
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Figure 9.20. Ray trace model refractive—diffractive eyepiece.

appropriate optomechanical metrics for evaluating the results. Diffractive profiles
must be turned free of mechanical chatter with near dead-sharp corners to
approach theoretical diffraction efficiency and minimize scatter. Softer polymers

such as polycarbonate are generally inappropriate for diffractive prototypes.
Contact Information

Ray Hebert, Prisma Optics, prisma-optics@mindspring.com
WWW.prima-optics.com.
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9.13
Pentaprism Assembly

Application

This viewfinder for a professional long-distance measurement device is equipped
with a plastic molded pentaprism (Figure 9.21). This prism has integrated molded
aspherical lenses as inlet and outlet windows, which take care of the proper mag-
nification and aberration correction. Besides bending the light by 90°, there is also
a laser mounted on one mirror side of the prism. This laser is precisely aligned to
the center of the image and indicates the measurement spot.

Figure 9.21 Pentaprism for viewfinder.

Why Plastic Optics

Injection molding made it possible to integrate the lenses into the prism, together
with mounting features for exact alignment of the assembly in the unit. Adding
the laser requires two more plastic parts, a lens/carrier, and an iris. Both parts
have a high level of optomechanical integration. Chosen material and processing
methods, in combination with used assembly procedures, have led to a price
breakthrough for this product, which is going to be produced in relatively high
volumes.

Challenges

e Design aspects: The optical design of the aspheres is an optimized solution be-
tween the requirements of the image made by the viewfinder and the require-
ment of the target marking laser spot, many aspects needed to be taken into
account, including the optical layout of the human eye.

e Material aspects: Material choice was by and large related to the requirements of
the optical coatings. The chosen coatings are all interference filters, partly trans-
mitting keeping the balance between transmission/reflection, for the white
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light of the image and the red light of the laser as well. Choices were made such
that the relatively thick coatings withstand the environmental conditions of an
outdoor used, handheld application.

e Processing aspects: The quality of the image is largely determined by the flatness
of the mirror surfaces, which is specified as 4/10 per mm. In practice, this
means a rather long cycle time and a very accurate mold temperature control.

Contact Information

Rien de Schipper, Penta HT Optics; r.de.schipper @penta-ht-optics.com
www.penta-ht-optics.com.



9.14 High-Efficiency Microoptics for Illumination Projection Systems

9.14
High-Efficiency Microoptics for Illumination Projection Systems

Application

In close cooperation with MEMS Optical Inc., the JENOPTIK Polymer Systems
GmbH has developed a double-sided MLA precisely aligned front-to-back in plas-
tic. A proprietary tooling allows for very accurate alignment of the two sides of the
mold. That enables homogenized optical paths. Because of their flexibility in
design, the MLAs can be applied in various fields of application (Figure 9.22).
They are especially used in micro projection systems, which can be found in data
projectors or cellular phones. Jenoptik Polymer Systems has the expertise to
attend products with these elements from design to final product as well as the
capability to manufacture them in volume production.

Figure 9.22 (a) Far-field pattern from a single-sided MLA. (b) Far-field pattern from
a double-sided MLA. (c) Prototype double-sided MLA produced in plastic (9x 7 mm).

Why Plastic Optics

The double-sided MLA can be used in various applications. Especially in the field
of consumer applications, it is important to manufacture high volume at low
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costs. That is one reason for using plastic optics. Injection molding allows for
designing mounting and alignment features as an integral part of the optical com-
ponent, which then can be assembled in a system or module. Because the same
tools are used for each item, a consistent quality is assured. A low risk of breakage
of the optics is another important advantage in the use of plastic optics in con-
sumer applications, since they tend to fall down easily.

Challenges

Because the array can be implemented in various products, each application has
its own challenges, but a few things have to be thought about in general. While
designing the application, it has to be considered that the array has to have some
additional lines for clear aperture. There is also some extra space for an ejector
needed, because the array itself must not act as an ejector (because the needed
backlash would not allow a perfect centering of the arrays).

A bigger challenge is the accurate adjustment of the two arrays. A new proprie-
tary tooling technology allows for the two mold halves, and thus for the arrays, to
be adjusted step by step. Depending on the typically small size of the single lenses
of the arrays and the required surface accuracy of each lens and the pitch between
them, a lithographic process is used to provide a highly accurate master (e.g.,
made of fused silica). The necessary adjustment marks for the alignment are posi-
tioned next to the array in the same process. Afterward, the master is used to man-
ufacture a negative mold insert via electroforming.

Contact Information

JENOPTIK Polymer Systems GmbH,
sales@jenoptik-ps.de, www.jenoptik-ps.de.
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9.15
Eye Spectacles

Application

Historically spectacles were made in glass. However in the last century, it was also
possible to make them in cast plastic with CR39 as the dominant material [1].
Basically the way of manufacturing was similar. Initially a blank is made and by
different process steps, the final spectacle is made.

In the USA, there was a quest to have more impact-resistant spectacles than
possible with the cast plastic, and they therefore produced blanks in polycarbonate
(PC) and finished them with known processing steps like milling, grinding, and
polishing.

Determining the stock keeping units (SKU) distribution, it is clear that a few
SKUs are made in high quantities and for these SKUs injection molding is an
economic way of manufacturing. Figure 9.23 shows a typical molded lens blank.

Figure 9.23 Typical injection-molded PC
spectacle lens blank.

Recently people also started to mold finished spectacle lenses. For the high vol-
ume standard prescription this is even more economical than working with

blanks.
Why Plastic Spectacles?

o It allows more freedom in design.

e It is more cost-efficient.

e Itis of less weight.

e It has superior shock resistance (PC material).

Besides cost-effective manufacturing, the freedom of design is another impor-
tant parameter in the choice for plastic spectacles. Modern multifocal and progres-
sive glasses require a very sophisticated surface geometry [1]. Using suitable
blanks and the well-understood processes of milling and polishing the forms,
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Figure 9.24 (a) Surface power cylinder map. (b) Surface power add map.

more comfortable designs with large progressive areas can be produced. Figures
9.24(a) and (b) show aspects of such a design ((a) surface cylinder power map, and
(b) the surface power addition map).

Challenges

« Different SKUs per shot
Due to the differences in shape between SKUs, there is a difference in the most
optimal process per SKU. In case the same process can be used for different
SKUs, the cost price of SKUs will decrease.

e Stress-less lenses with big variations in wall thickness.
There is a contradiction in minimum stress in the lens at one hand and reduc-
tion of cycle time on the other hand.

¢ Controlling and designing for shrinkage

Contact Information

HTP Tooling, Esp 430, 5633 A] Eindhoven, The Netherlands
Email: info@htptooling.com.
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optical polyester (O-PET) 123,151



optical properties 123
optical surface 67
optical thin film 175
optics

— imaging 200

— non-imaging 200
optimum, module level 244
optoelectronics 123, 267
optomechanics 7 ff
oxidation 169

— thermal 204

p
package, tape and reel 2

Panlite 139

parabolic mirror, off axis 113

parameter

— input 219

— output 219

parting line 17

parts, microstructured 41

path difference 87

penetration depth 169

pentaprism 281

phase difference 83

phase shift 84

phenyl group 124

photoelastic coefficient 129, 142

photooxidation 169

photo voltaic 255

physical properties 124

physical vapor deposition (PVD)

plasma, cold 162

plasma enhanced chemical vapor deposition
(PECVD) 164, 166

plasma-etching 180

plasma impulsed chemical vapor deposition
(PICVD) 166

plasma ion assisted deposition (PIAD) 163

plasma treatment 169

plastication unit 48, 198

plasticizers 125

plastic material 123

Poisson’s ratio 31, 172

polar groups 171

polarizability 126, 129

polarization map 104

polarization microscope 101

polarized light 101

polarizer 102

polishing, computer control 50

polycarbonate, low birefringence 140

polycarbonate (PC) 123, 139ff, 185

163 ff

Index

polymer alloy 125

polymer film, multilayer 183

polymers, organic 161

polymethylmethaacrylate (PMMA) 123,
124, 134 1t, 185

polysiloxane 168

polystyrene 124

polysulfone (PSU) 123, 152

positioning feedback system 56

precision, limited 26

precursor 166

pressure 22,128

pressure injection 43

pretreatment 169

probe, optical 74

probes 71

process

— cold deposition 183

- galvanic 50

— plasma polymerization 183

— wet chemical 178

process control 80

production mold 45

profile, coining 210

profiling, tactile 78 ff

projection system, micro 283

properties

— hydrophobic 178

— structural 20

properties of COC-Apel 147

properties of COC-Topas 148

properties of COP-Zeonex 143

properties of COP- Zeonor 145

properties of norborne functional polymer-
Arton 150

properties of optical polyester -OKP-4
151

properties of PC-Panlite 140

properties of PMMA-Acrypet 135

properties of PMMA-Parapet 137

properties of polysulfone- Udel P-1700
152

properties of various optical polymers
155

property, hygroscopic 141

prototype 44

prototype mold 44

prototyping 227

q
quality 220

quarter wave 176
quarter-wave plate 104
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r runner system 38
radicals 169

range, slope measurement 76 s

range-resolution 74 sag variation 109
reference 95, 105 scale 179

reference beam 83 — length 72

reference mark 85, 117 scattering 125, 142
reference mirror, aspherical 87 — Rayleigh 125
reference object, calibrated 85 scratch resistance 8, 178
reference points 70 screw diameter 204
reference ring 85 self cleaning 168
reference sample 115 sensitivity 27, 97
reflectance 124 sensor

reflectometer 15 — optical angle 75
reflector, cold conversion 182 — tactile 78

reflector materials 182 servo system

refractive index 23, 101, 124 ff — fasttool 63

— change 31 — slowtool 63

— temperature dependence 26, 130 setup tolerance 89
refractive index of Apel 5014 DP 158 Shack-Hartmann Sensor 95 ff
refractive index of OKP-4 158 shape, toroidal 63
refractive index of PC-Panlite 156 shear 100

refractive index of PMMA-Parapet 156 shearing interferometer 100
refractive index of Topas 158 shear modulus 31
refractive index of Zeonex 157 shot weight 48, 204
reliability 220 shrinkage 8, 11, 25, 26, 39, 43, 68, 199,
removal rate 56 208

removal technology 206 — volumetric 26

repair 231 silane 167, 183
repeatability and reproducibility (R&R) 68 silanol 178

replication, galvanic 50 silicone 252, 262

resin, oxidized 125 siloxane 183

resistance simulation 32

— abrasion 188 — optomechanical 29

— shatter 7 single point diamond turning, off axis 60
resistivity slope 76, 87

— low 183 slope measurement 118
— surface 183 slope range 94
resolution, spatial 72 slope sensor 75
retainers 16 Sénarmont compensation 104
retardation 103 software 118

RF plasma 164 solar spectrum 277
rings, number of 244 sourcing 220

RMS 26 spattering 163

robotic system 206 specification 28, 69
Rockwell C-hardness 50 spectacle lenses 78
roughness 50, 53 spectacles 285
roughness measurement 94 spectrophotometer 186
roundness 109 spectroscopy, m-line 186
runner spherical aberration 142
— cold 39ff, 262 spin coating 167

— hot 39ff spot diameter 114

runner shapes 128 spot pattern 95



sprue 38, 106, 107, 128
sputter, metal 164
stability

— dimensional 18,21, 24
heat 262

— structural 18

thermal 18, 21

- UV 262

statistical process control (SPC) 68, 111

steal 43

steal polishing 50
Stedman diagram 72
step-down design 178
stitching 80, 94

strain 24

stray light 170

stream sterilization 152
street lightning 260
stress 8,9, 129

— compressive 172

— compressive growth 174
— distribution 31

— mechanical coating 171
— mechanical growth 171
— residual 133,173

— spatial 31

— tensile 172

— thermal 171ff, 187
stress cracking 173, 174
stress profile, residual 207
stroke 63

— coining 211
structures, alicyclic 130, 133
subaperture 95, 96
subassembling, optomechanical 274
substrate

- CD 214

- DVD 214
subwavelenght 179
supply line, mold 202
surface 11

— aspheric 68,78

— aspheric illuminator 12
— beam shaping 12

— biaspheric 271

— concave 76

— convex 76

— design 7

— diffractive 279

- figure 28

— irregularities 9

— microstructured 46, 183
— nanostructured 183

— off-axis 13
— reference 83
— shaping 7

— structuring optically active 7
— tension 26

— torodial 14
surface figure 72
surface finish 72
surface normal 113
surface power 286
surface profiling 78
surface roughness 93
surface speed 58
surface structures

— periodic 179

— stochastic 179
surface treatment 149
surfaces

— hard coated 178
— optical 72

system signature 85
systems

— imaging 73

— scanning 73

t

tabs

— flexible 15
— molded 15

tactile profiling 118

target, ceramic 183
technician 232

technologies, manufacturing 1
temperature 23, 128

- gradient 21

— heat distortion 162

— ranges 21

— substrate 171

temperature control

— mold 201

— variothermic 201
temperature distribution 22, 41
tensor, dielectric impermeability 31
test

— adhesion 186

— nano indentation 188

— pencil hardness 188

— pool 186

— scratch 186

— Taber abraser 188

— tape peel 186

test reticule 116

test setup, functional 115

Index
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Index

thickness 244

— accuracy 166

— edge 9

— equal 19

— homogeneity 166
— independent 19

— optical 175

— physical 175
throughput 116, 117
tilt 109

— local 95

tilt limit, local 96

tilt measurement 114
toggle joint 210
tolerance 49, 224, 243
— alignment 24

— allocation 24

— assignment 24

— budgeting 24

— fabrication 24

— level of 27

- manufacturing 26, 27
— material 27

— Montecarlo 242

— process 24

— refractive index 28
— relative irregularity 28
— shape 43

tolerance analysis 221
tolerancing 24

tool characterization 80
tool normal cutting 59
tool sweep 57

tool wear 64

tools, multicavity 265
Topas 141, 145
topcoat 183

— hydrophobic 183
toric 76

total internal reflection (TIR)

transmission 170
transparency 124 ff
transparent materials 123
transparent plastic 124

u
ULTEM 182

ultra-precision machine tool (UPT)

uptime 228

— machine 221,231
Urbach’s rule 124
UV absorbers 125

UV imprinting 180
UV protecting 186

UV radiation 161, 169, 186, 188

UV stable 278

v

vacuum chuck 57
vacuum pump 49
value for money 246
V-coating 176
ventilation 42
V-groove 107
vibration 25, 27
vibration insulation 56
vibrational transitions 124
volume

— high 1,116

— low 224

— production 222

— runner 233

— sprue 233
vulcanization 49
VUV radiation 169

w

wall thickness 200, 230
water absorption 139
water vapor 173
wavefront, collimated 98
wavefront difference 100
wavefront error 24
wavefront metrology 81 {f
wavefront sensing 82, 95
waveguide 12, 14
wavelength, spatial 72
waviness 57,72
W-coating 177

web coater 164
wettability 169, 171

Y
yellowing 169

yield 228,231
— cumulative 243

Young’s modulus 19, 20, 31, 172

z

Zeonex 141ff

— new grades 144
Zeonor 141ff

Zernike polynomial 29, 30, 32



