
ABSTRACT 
 
Gill, David.  Precision Replication of Co-Molded Meso and Micro Optics Through 

Injection Molding.  (Under the direction of Thomas A. Dow) 

 

The objective of the research reported here is to extend the limits of current optical 

production techniques for complex, thermally-stable, precise optical components 

produced in large volume.  Injection molding of polymer is a high volume process that 

has promise in the replication of meso and micro optical features, but the process is not 

well understood on this scale.  Additionally, polymer has great advantages in its ability to 

be formed into complex and intricate shapes, but the high coefficient of thermal 

expansion has prevented the widespread use of polymer for precision optics.  For 

injection molding to become a viable process for the production of meso and micro 

optics, it is necessary for these challenges to be addressed. 

 

The goals of this research address the aforementioned challenges on two fronts 1) 

injection molding of polymer lenses, and 2) molding of polymer elements directly onto 

stable substrates.  The first is through an increased understanding of the injection molding 

process in the replication of micro optics.  Precision molds have been produced with 

optical features of varying size, shape, step height, and aspect ratio.  These features 

include a spherical lens, fresnel lens, blaze diffraction grating, wedding cake feature, and 

lenticular array with feature pitch as small as 10µm and step heights as small as 1.25µm.  

To gain increased understanding, a partial factorial screening design of experiment was 

performed to discover the molding factors (process variables) with the greatest effect on 



the replication of micro optics.  These experiments showed mold temperature and screw 

rotation speed to have the greatest effects on the accurate replication of meso and micro 

optics. 

 

The second challenge, the thermal instability of polymer lenses, has been addressed 

through research of the co-molding of these optics directly onto thermally stable 

substrates.  Challenges included the surface chemistry and modification of properties at 

the polymer-substrate interface, the large mismatch in coefficients of thermal expansion 

between the polymer and the substrate, and mold design factors for using a brittle 

substrate material in the high-pressure environment of the injection mold.  In the 

experiments, interface adhesion was found to be increased through the use of 

organofunctional silanes, and co-molding experiments revealed that acrylic lenses had the 

best adhesion to specially cleaned soda lime glass.
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1 Introduction 

Optical systems are now the backbone of the telecommunications and computer networking.  

Integrated photonics are the key to the next jump in computing speed as board-to-board bus 

communication switches from electrical to optical systems, overcoming the problem of 

limited space for additional electrical communication vias.  Also, the miniaturization of 

electronics continues, as does the ubiquitous presence of small displays in these electronics.  

Each of these applications requires the manufacture of precision optics in large quantities. As 

the demands for smaller electronics grows, so will the demand for smaller optics.  For many 

applications, the miniaturization and increased resolution requirements will demand that the 

optics be composed of more sophisticated lenses, often combining diffractive and refractive 

optics in a single element.  As the complexity of the optics increases, so too will the need for 

the optics to be less expensive and produced in greater quantities.  Polymer optics promise a 

solution to the need for less expensive optics, but replication processes and production 

methods must be probed to develop a greater understanding of the abilities and limitations of 

high volume optics replication.  Experiments are needed that will show the correlation 

between process factors or variables and the resulting effects on the replication of optical 

features.  In addition, methods must be investigated for the thermal stabilization of polymer 

optics before they experience full acceptance in opto-electronic applications. 

 

There are two challenges currently preventing the use of polymer optics in many photonic 

applications.  The first challenge is the development of methods that precisely replicate the 

optics using high volume, low cost methods.  The second challenge is to develop methods of 

 1 



thermally stabilizing polymer photonics.  Regarding the first challenge, the replication of 

optical components is performed on a regular basis in industry, but there is little public 

knowledge of the processes and because of this, the field is not profiting from cooperative 

research into new production methods that will satisfy the requirements of miniaturized 

optics with better quality and produced at lower cost than current optics.  This problem is 

characterized well in (1) where the Blough states that, “Although there are several papers on 

replication processes, few if any clearly identify the entire process.  This is due to the 

proprietary nature of these processes; it is typically a core competence of the company, 

which must be protected.  Similarly, in this paper we are unable to list the replication process 

explicitly.”  So, for the field to advance with the assistance of public research, an initial 

investigation and reporting of the replication process must be completed. 

 

The replication of micro optics also presents special challenges that are not a factor in the 

current scale of commercially produced lenses.  This challenge is stated quite well by Bauer 

(2) who concludes that, “It should be mentioned that a lot of the physics that is responsible 

for the behavior of micro parts is not fully understood yet.  The fact that microstructures may 

possess a very large surface to volume ratio let [sic] surface phenomena often play the major 

role in mechanical performance.  So, it is not possible to draw too stringent conclusions from 

bulk behavior to the microstructures’ properties.  This is a field of basic research, too.”   

 

In order for there to be greater utilization of polymer optics, a thorough understanding of 

high volume replication processes is needed.  This understanding should include the abilities 

of the process regarding the size and shape of reproducible features.  An understanding of the 
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effects of the process variables on the replication is needed along with a ranking of which 

variables have the greatest effects on which type of optical features.  A greater understanding 

of what features can be accurately replicated will quickly lead to new design practices 

applications due to the availability of light weight, inexpensive, optically accurate lenses for 

diffractive, refractive, and combined applications.    

 

To combat the second challenge, the thermal instability of polymer lenses, while also 

providing a platform for the creation of complex refractive/diffractive optics, a method of co-

molding thin polymer optics onto thermally stable substrates is proposed.  This method 

utilizes glass substrates that are placed in an injection molding machine so that the polymer 

optic is formed directly on the surface of the substrate.  There are many challenges to this 

proposal including the adhesion of polymer to the substrate and the molding of two materials 

with very different coefficients of thermal expansion. 

 

In response to the two challenges listed above, the topic of this research was formed.  This 

research is an investigation of the replication of precision optics using injection molding and 

the co-molding of these optics onto thermally stable substrates.  The optics range in size from 

7mm to 1µm.  All statements in this work regarding the manufacture of optics must be 

viewed through this perspective.  In keeping with the above summary, the research begins 

with a correlation between injection molding factors or variables and their effects on the 

replicated features.   
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To begin this investigation, the competing replication technology must be assessed to 

determine the abilities and deficiencies of each process. 

1.1 Current Optics Production Methods 

Current optical production methods include the utilization of glass and polymer.  The choice 

of production method depends on the application requirements for production quantity, 

optical form accuracy, and environmental stability. 

1.1.1 Optics Production Methods Utilizing Glass 

For many years, glass has been the favored material for optics.  Glass is scratch resistant, has 

a low coefficient of thermal expansion, and exhibits good uniformity of properties.  

However, glass is heavy, breakable, and difficult to produce in high volume with sharp 

feature edges (diffractive optics, for example) in the optical zone.   The most common 

methods of creating glass optics are grinding, lithography/etching, and glass injection 

molding. 

  Grinding 

The most prevalent method of glass optic manufacture is grinding, which is capable of 

producing spherical and aspherical parts in glass.  Nearly all glass grinding produces 

axisymetric lenses.  Unlike large, axisymetric glass optics where fly-cut type grinding 

procedures are possible, in small axisymetric glass optics it is generally difficult to produce 

the sharp feature edges often required in diffractive optics.  This is because the maximum 

diameter of the grinding wheel must be significantly smaller than the diameter of the final 

optic.  When the optic is very small, the diameter of the grinding wheel must be so small the 
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allowable feedrate prevents economical production of lenses.  There are notable exceptions 

including recent research reported by Suzuki (3) which has shown the feasibility of grinding 

micro fresnel lens molds which could conceivably be ground directly in the glass.   

 Lithography/Etching 

A second method uses standard lithography methods of masking areas with photoresist and 

then etching around the photoresist to produce the desired optical features in glass.  As with 

most lithography methods, this process is best suited for 2 ½ dimensional optics and is 

limited in its ability to produce smoothly sloped optics.  Because of this limitation, 

lithography is best suited for the production of binary optics. 

 Glass Injection Molding 

Some glass optics are injection molded, however this requires expensive silicon carbide 

molds to provide the required wear resistance, and this process is not capable of filling 

extremely small, sharp edges in the molding cavity due to the flow characteristics of glass.   

 

An additional complication of glass production methods is that all of these methods require a 

final polishing stage.  So, while glass manufacturing methods are well developed and 

understood, they do have serious limitations in the production of meso and micro scale optics 

1.1.2 Optics Production Methods Utilizing Polymer 

Low precision optics have been replicated in polymer for many years.  Advantages of 

polymer include their light weight, shatter resistance, low cost, and the ability to have 

locating and mounting surfaces designed as part of the optic.  The primary production 

 5 



methods of polymer optics are ultra violet cure photopolymer casting, epoxy casting, 

compression molding, roll embossing, lithography, and injection molding.  A description of 

each of these production methods follows. 

 Ultraviolet Cure Photopolymers 

Polymer optics are most often produced through ultra-violet radiation induced cross-linking 

of liquid monomer called photopolymer.  The monomer is poured into a mold and then 

covered with glass or some other substance that is transparent to UV light.  The UV radiation 

causes the monomer to cross-link, forming a rigid or semi-rigid lens.  This method is capable 

of producing features with high aspect ratios (feature depth divided by feature width) and 

allows the option of having the monomer include chemical adhesion promoters that cause the 

polymer to adhere firmly to glass and other materials.  The UV cure process does have some 

critical limitations, however.  As mentioned, one side of the mold must be transparent to UV 

radiation.  Most of the applicable transparent materials are brittle or difficult to machine.  

Additionally, removing the part from the mold is often difficult, especially if the polymer is 

adhered to one side of the mold.  The curing time of 30 seconds to several minutes can be 

quite long in some applications, and the mold is occupied during this whole time.  To achieve 

high volume production, many molds must be used in parallel, or increased radiation 

intensity must be used which is a hazard to operators and can cause bubbles and stresses to 

develop in the polymer 

 

Notable research has been performed using UV cure photopolymers.  Results in (1) showed 

the ability to cast polymer optics on a glass substrate with aspect ratios as high as 2.0.  
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Harvey (4) presents a survey of molding processes followed by a demonstration of UV 

casting in the replication of a quality rotary encoder on a glass substrate using a mold created 

by lithography and the etching of a quartz mold.  Placing the monomer under high pressure 

during the crosslinking process allows impressive replication of features with aspect ratios as 

high as 200 as reported Piotter (5).  A study of the use of the glass substrate as a stable 

platform for the photopolymer optic is reported by Dannberg (6), but is concluded with the 

following statement, “The approach does not compete with mass production techniques like 

injection molding or roll embossing of thermoplastics. We rather try to show the cost 

effective manufacturing capability of wafer-scale integration of more complex systems.”  As 

concluded in this research, UV photopolymer casting has great potential for the replication of 

high aspect ratio parts at low temperatures and pressures, but it does not hold the promise of 

mass production of high precision, micro-scale optics. 

 

Sohn (7) presents a method of improving the form of inexpensive optics by molding a 

photopolymer layer onto the surface of the optics.  By this method, the form error was 

reduced five-fold.  The approximately 100µm thick photopolymer layer was found to cause 

some distortion of the substrate, but later experiments showed the ability to predict and 

correct this error in the molding process. 

 Epoxy Casting 

Epoxy casting is a process similar to UV photopolymer molding, except that the crosslinking 

process is induced by the chemical reaction of a “hardener” with an “adhesive”.  Epoxy 

casting has the advantage of not requiring a transparent mold half, but it too carries some 
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challenges.  The chemical reaction is an exothermic process in which the heat produced can 

cause inaccuracies in the optic’s dimensions and can also induce stresses in the optic.  Most 

epoxies do not have high enough transmissibility to be used in refractive optics, and thus 

must be used in reflective optics only, a serious limitation to their usefulness.  A good 

example of the abilities of epoxy casting is presented by Weissman (8) in which the 

replication of large mirrors is described.  In this process, the master mold is overcoated with 

a non-adherent SiO layer, and then a thin aluminum layer.  This sandwich is forced into 

liquid epoxy that is in a near net-shape substrate.  Upon completion of the chemically 

induced crosslinking and hardening of the epoxy, the master is removed and the sandwich 

separates at the non-adherent level, leaving a mirrored surface adhering to the epoxy.  Due to 

the need to then clean and recoat the master, this process is quite time consuming and thus 

not suitable for mass production. 

 Compression Molding 

Reflective-diffractive micro optics are routinely replicated through compression molding in 

the form of compact discs and digital video discs.  In compression molding, a polymer sheet 

or powder is placed between two heated mold plates.  Force and heat are then applied to the 

plates causing them to slowly compress the polymer and to force it into the mold features as 

it melts.  Once the features have been filled, the mold must be cooled to drop the polymer 

below the glass transition temperature, Tg,, causing the polymer to shrink away from the 

mold and to solidify so that the polymer part can be successfully ejected from the mold.  This 

process is slow, with some cycle times as long as 10 minutes, due to the need to heat the 

polymer above its glass temperature, and then to thermally cycle the mold plates.  A variation 
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termed injection-compression molding uses an extruder screw to inject the molten polymer 

into the mold in a manner similar to injection molding.  This removes the need to heat the 

polymer with the mold plates.  Once the molten polymer is injected into the cavity, the mold 

plates are moved closer together to force the polymer into the mold features.  The plates are 

then cooled so that the polymer part is below its Tg before being ejected.  This variation is 

much faster than standard compression molding, but still requires that the mold plates be 

temperature cycled quickly.   

 

One of the advantages of compression molding is also one of its greatest limitations.  Cooling 

the mold plates from the polymer’s melt temperature to its glass temperature is a slow 

process due to the thermal mass of the mold plates.  This slow speed can limit the production 

speed of the process, but it also allows the part to cool slowly, limiting the stresses induced in 

the part.  The lack of stresses produces parts that are flat over large areas as is necessary in 

the production of compact discs.  Part shrinkage is significant due to the large temperature 

range experienced, and this shrinkage makes the accurate replication of features difficult.  

This is not a problem for the reflective diffractive optics used on compact discs because they 

do not need to be a particular shape, just a shape that will reflect the light differently. The hot 

mold plates permit the polymer to be forced into deep, high aspect ratio features, and the 

shrinkage upon cooling allows separation of the part from the mold.   

 

When this process is performed on a simpler machine, it is often called hot embossing.  A 

very early example of hot embossing is presented by Miller (9) showing the replication of a 

fresnel lenses.  Baraldi (10) reports the replication of 400 and 600nm pitch gratings using the 
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hot embossing process.  Bauer (1) details a method of hot embossing trenches for 

waveguides and optical fiber mounts which are later filled with UV cure polymer to act as a 

waveguide material.  A method of constructing electrical vias is detailed by Chou (11) where 

sub-25nm wide vias are compression molded in acrylic that has been spin-coated on silicon.   

 Roll Embossing 

Roll embossing is an extension of the hot embossing process that promotes the technology to 

mass production.  In roll embossing, a large roll, often copper, has been machined with the 

desired features.  As a polymer film passes under the rotating roll, the features are pressed 

into the film leaving the imprint of the features.  This technology is used to make many items 

that require large areas of replicated reflective and transmissive optical features such as road 

signs and flat screen televisions.  The roll embossing process is excellent for producing large 

arrays of optics, but is impractical for producing individual optics for use in fiber optic 

connecters or on integrated circuits in handheld electronics.  The post processing for roll 

embossed optics includes separation of the optics, mounting, and alignment.  These steps are 

difficult and time consuming and greatly reduce any advantage gained by the high production 

volume nature of this process. 

 Lithography 

Lithography was developed for use in the integrated circuit industry.  Lithography is used in 

at least two different ways in the production of polymer optics.  The first method uses 

lithography to directly create a polymer optic on a substrate.  The second method creates a 

stamping die that is used to replicate optics in a process like hot embossing or injection 

molding.  Both processes begin the same way with a polymer, often acrylic, being spin-
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coated onto a substrate where it acts as a photo-resist layer.  Ultraviolet, electron-beam, or 

deep x-ray (in the case of LIGA) radiation is shown onto the surface through a mask that 

absorbs the radiation except where there are cutouts in the mask.  In traditional lithography, 

the radiation that passes through the cutouts is often focused to a very small size by a 

reducing lens, while in LIGA, the highly parallel nature of the radiation is used to create 

small deep structures.  In locations where the radiation is incident on the resist, the resist 

degrades.  This degraded resist is then removed using a chemical etchant that leaves a 

replication of the pattern in the mask.  This is the point where the two methods of optics 

replication with lithography differ:  

• In the first method, this pattern that has been created is the final optic.  Examples of 

this include Brenner (12) where 0.5mm deep prisms are created with highly parallel 

sides, and Han (13) and Phillips (14) where acrylic boxes are created that are later 

heated until surface tension forms the box into a spherical lens.   

• The second method is not an optical production method itself, but is an enabling 

technology to create molds for injection molding, hot embossing, and photopolymer 

casting.  The creation of the mold can occur in two ways.  A metal layer, often nickel, 

can be electroplated directly onto the etched acrylic surface followed by dissolving 

the remaining acrylic leaving the three dimensional metal micromold called a shim.  

This nickel shim can be used directly to stamp or hot emboss polymer optics, or it can 

be coated with a parting agent and then electroplated to create daughter nickel shims 

from this master shim.  Examples of this method include Bauer (1), Dannberg (6), 

Kemmann (15), Nikolajeff (16), Piotter (5), and Tanigami (17).  Another option is to 

use the etched acrylic as an etching mask for the substrate (usually silicon or quartz).  
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Once the pattern has been etched into the substrate, the remaining acrylic is removed 

and the substrate is either used as an optic or electroplated as above to be a master 

shim.  Examples of this method include Chou (11), Dannberg (6), Harvey (4), and 

Nordin (18) 

The lithography process has strengths as well as a few weaknesses.  Included in the strengths 

are the fact that the optic pattern did not have to be created at the same miniature scale as the 

final optic due to the use of a reducing lens.  This makes mask production somewhat easier.  

Additionally, the development of ever-higher precision stages and steppers for creating 

lithography optics is continually advanced by the semiconductor industry  Lithography is 

capable of making fairly deep or high aspect ratio features.  Limitations of the lithography 

process include the difficulty in making parallel sides on features.  As the radiation is focused 

in the reducing lens, it also is angled.  Even in methods that use a final-size mask and employ 

parallel rays of radiation, the diffraction of the radiation as it goes around the edges of the 

mask prevent the part walls from being exactly parallel.  Lithography is also limited in its 

ability to create freeform 3-dimensional features.  The process most easily creates 2½ 

dimensional features all having the same height.  If multiple iterations of the spin-

coat/expose/etch process are used with different masks for each exposure, it is possible to get 

stepped features.  Research has shown the use of multiple moving masks that continuously 

vary the exposure to different regions and the ability to create specific 3-D features, but the 

creation of these masks is computationally difficult and the precision of movement required 

for the masks is exacting.   
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 Injection Molding 

Injection molding has often been used for low precision optics.  In this process, polymer is 

melted by an extrusion screw and then is injected at high speed and high pressure into a 

mold.  Injection molding has the advantage of very high production volumes and the ability 

to include mounting and alignment features connected to the optic, relieving the need for post 

process sectioning and mounting.  Cycle times range from a few seconds to as much as a 

minute.  However, this speed comes at a price due to the wide temperature and pressure 

range experienced by the polymer in a short time.  As the polymer is injected into the mold, 

the polymer is cooled near the mold walls and begins to increase in viscosity.  The polymer 

shrinks away from the mold walls and then is forced back against the walls of the mold by 

the incoming polymer.  This process can cause stresses to be locked into the cooled polymer.  

Additionally, shrinkage prevents the polymer from having exactly the same dimensions as 

the mold. 

 

It is understood, however, that if the process parameters are correct, these stresses can be 

minimized and the part can be produced with dimensions very similar to that of the mold.  

This correlation between the process parameters and the final part dimensions is not well 

understood, however.  Injection molding is still seen as part science and part art, relying 

heavily on the experience of the molding technician.  This is especially true in the molding of 

meso and micro optics, a fairly new challenge on a scale that has not received the attention of 

other molding challenges. 
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Because of injection molding’s ability to produce lenses in high volume with the possibility 

of precision replication, this process was chosen as the focus of this research. 

1.2 Research Goals 

The goals of this research are twofold:   

1. To develop an understanding of the correlation between injection molding process 

factors or variables and the fidelity of replication of meso and micro optical features 

2. To investigate the injection molding of polymer meso and micro optical features onto 

thermally stable substrates such as glass 

The purpose of the first goal is to develop the science and the empirical relationships behind 

the injection molding of meso and micro optics.  This understanding is necessary for process 

control in the replication of optical features.  If the quality of the optics can be predicted or 

expected, the process is a viable alternative to the aforementioned optics replication methods. 

 

The purpose of the second goal is to create optics that can be used in non-ideal conditions.  A 

limiting factor to the implementation of polymer optics has been their high coefficient of 

thermal expansion and their hygroscopic nature.  Both of these characteristics can cause 

polymer optics to change shape so as to significantly alter the performance of the optical 

features.  However, as stated in the previous descriptions, many of the features cannot be 

economically produced in glass.  The hypothesis of this research is that the molding of a thin 

layer of polymer (containing the optical features) on a thicker, thermally stable substrate 

would solve both problems.  This would allow the easily manufactured substrate to hold the 

polymer in place through thermal changes, while the polymer would contain the micro 
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optical features that are difficult to produce in the substrate.  Though this method of 

stabilization has been achieved in UV photopolymer molding, it has not been utilized in 

injection molding. 

 

This dissertation is divided according to the two research goals.  Chapter 2 presents the 

background of injection molding and the factors that affect replication.  Chapter 3 details the 

research performed in gaining an understanding of the response of replication accuracy to 

molding factors.  The optical features, design of experiment, and experimental results are 

presented.  Chapter 4 reports on the co-molding of optics onto glass substrates.  The chapter 

begins with background on the adhesion challenge and the ways in which silane chemistry 

can solve adhesion issues.  The co-molding experiment is then detailed including material 

handling, mold design, and experimental results of molding on glass.  Finally, Chapter 5 

presents conclusions from this research and gives direction for future research in this area. 



2 Polymer Injection Molding Factors and Effects - Background 

The precision replication of meso and micro-scale optics through injection molding requires 

that the molding process be well understood.  Though the process of replicating larger, 

lower-precision items is fairly well understood, the replication of small optics is not.  The 

high surface area to volume ratio, the replication of features that are similar in size to the coil 

length of the polymer molecule, and the flow characteristics of the rapidly cooling 

viscoelastic polymer in very thin sections are difficult to model and are not well understood.  

Of initial importance to the understanding of this process is the determination of the 

correlation between molding process factors (variables) and their effects on optical and 

geometrical properties.  The need for this research is developed below followed by the 

experimental method by which this understanding was further developed.  The results of 

these experiments follow the description of the method. 

2.1 The Polymer Injection Molding Process 

The injection molding of polymer is a process that is almost 100 years old.  Injection 

molding machines have increased in complexity especially with the introduction of control 

systems that have the ability to control and monitor many process parameters.  The increased 

complexity has lead to an overwhelming number of possible parameter combinations.  To 

really understand the molding process, it is necessary to strip away many of these 

complexities and to focus on the core activities of the molding process.  Once the core 

activities are understood, an understanding of the effects of many of the process parameters 

becomes more evident and the most important parameters can be selected for further 

investigation. 

 16 



2.1.1 Process Description and Factor Definition 

In order that the core injection molding process may be better understood, the 4 steps in the 

molding process (metering, injection, holding, and cooling) and a basic set of terminology 

must be understood.  The basic injection molding process and the molding factors that affect 

the process are described sequentially below, using Figure 2-1 for reference.  The process 

description begins with the machine in the condition in which it would be at startup with no 

polymer in the barrel or screw. 

 

Figure 2-1  Cross Section of Injection Molding Screw, Barrel, and Single Cavity Mold 

 

1. Metering – Polymer pellets, usually extruded cylinders approximately 1/4” long and 

1/8” diameter are loaded into the hopper.  These pellets are gravity fed through the 

throat of the hopper into the barrel.  The barrel contains an extrusion screw that has 

threads that fit tightly against the walls of the barrel.  The root diameter of the screw 
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is constant through the pellet transport section of the screw, increases in diameter 

through the plasticating section, and then maintains a larger diameter through the melt 

transport section.  The front end of the screw has a cone-shaped tip that may have 

slots or holes in it.  The tip also incorporates either a passive or an active non-return 

valve that prevents polymer from flowing backwards along the screw.  Screws come 

in many shapes and may have several tapered sections or threads of varying pitch 

depending on the application.  The screw serves several purposes.  During the 

metering cycle the screw is rotated in place so that the polymer pellets are forced 

toward the screw tip.  As the pellets encounter the plasticating section of the screw, 

they are forced against the barrel wall where the shearing action of the rotating screw 

in the stationary barrel causes the polymer to melt.  Seventy-five percent of the 

melting of the polymer is done by this shearing action while the final 25% of the 

melting is completed by the electrical resistance band heaters on the outside of the 

barrel.   

 

When the polymer reaches the melt transport section of the screw it continues to be 

forced forward while being thoroughly mixed with the other molten polymer to 

promote isotropic properties throughout the melt.  When the melt encounters the non-

return valve, it forces the valve forward which allows the melt to flow through slots in 

the tip of the nozzle and into the shot area.  As more polymer collects in the shot area, 

the screw retracts, slowly translating backward, while continuing to rotate so that the 

shot of molten polymer can gather in the shot area without an increase in pressure.  
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When the desired amount of molten plastic, called the shot-size, is gathered at the 

front of the barrel, the screw stops rotating.   

 

The important process factors of the metering stage are the screw rotation speed and 

the barrel temperature.  The screw rotation speed determines the rate of shearing of 

the polymer, which affects the viscosity of the polymer as is shown in the polymer 

processing section below.  The screw rotation speed range is determined by the 

capabilities of the hydraulic motor that turns the screw.  The barrel temperature can, 

on many machines, be set to different temperature set-points at up to 5 locations 

along the barrel.  For the sake of simplicity in this experiment, the barrel temperature 

was considered constant along the length of the barrel.  The limits of the barrel 

temperature are determined by the polymer being utilized in molding.  If the polymer 

is heated too much, it will begin to degrade, burn, and yellow.  If the barrel 

temperature is too low, the polymer viscosity will be too high to allow injection.   

 

The shot size is not considered to be a process variable because it is determined by 

the geometry of the mold:  the total volume of the mold cavity, the runners, and the 

sprue.   Another molding variable that was not studied in this experiment is 

backpressure.  As the metering occurs, backpressure is created by not moving the 

screw back as quickly as the screw threads force the polymer forward.  This creates 

some pressure in the barrel and causes increased mixing of the polymer.  Because of 

the high polymer temperatures necessary to fill these small optical features, the 
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polymer viscosity was too low to use backpressure because the polymer would leak 

out of the injection tip. 

 

2. Injection – Once the shot has gathered at the front of the barrel, it is ready to be 

injected into the mold.  The moving side of the mold is brought into contact with the 

fixed side of the mold, usually by a hydraulic ram.  The ram forces the mold halves 

together with a force that causes the pressure along the contact face to be greater than 

the pressure at which the polymer is injected.  The maximum mold closing force for a 

machine is the primary metric in the naming of a machine.  For example, the molding 

machine used for this experiment is a 7-ton machine because the mold-closing ram 

can generate 7 metric tons of force to press the mold halves together.   

 

A second hydraulic ram forces the barrel against the fixed side of the mold or sprue 

gasket with enough force that polymer is not be able to escape at that interface.  The 

screw is then forced toward the front end of the barrel by a hydraulic ram or servo-

driven ball screw.  During the injection cycle, the screw does not rotate.  As the screw 

is forced forward, the pressure generated in the shot forces the non-return valve to 

close so that it seals and prevents molten polymer from flowing backwards down the 

screw.  The polymer is forced down the sprue and into the mold cavity.  Many molds 

contain small polymer flow channels called runners that direct the flow of the 

polymer from the sprue to the cavity, especially in molds with multiple cavities.   
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The pressure generated during injection can be varied, as can the linear speed at 

which the screw travels to inject the plastic.  Thus, the important variables of the 

injection stage are injection pressure and injection speed. The injection speed for the 

machine used in these experiments is actually a rate measured in cm3/s.  As the 

polymer flows into the mold, it passes through a narrow section called the gate.  

Injection pressure and injection speed are both limited by the machine capabilities.  

The injection pressure must always be kept at a lower pressure than the highest mold 

clamping pressure that the machine can generate.  Gate geometry is also a molding 

variable, but it was deemed to be impractical to change for this experiment.   

 

3. Holding – Once the polymer has been injected into the mold, the screw often 

maintains pressure on the polymer.  This procedure, called holding, is necessary due 

to the high coefficient of thermal expansion of polymer.  As the shot enters the cooler 

mold, the polymer that is against the mold wall cools first forming a “skin”.  This 

cooling of the skin causes the polymer to contract away from the mold walls.  If the 

part is allowed to cool this way, the dimensions of the part are quite different than the 

dimensions of the mold, making mold design extremely difficult.  Instead, the screw 

maintains the hold pressure and forces more polymer into the mold expanding the 

skin against the mold walls once again.  The hold pressure maintains geometric 

dimensions, but can lock stress into the part.   

 

The hold pressure and hold time, the amount of time for which the hold pressure is 

maintained, are the important factors of the holding process.  The hold pressure is 
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limited by the capabilities of the machine, similarly to the injection pressure.  The 

hold time is limited by the amount of time that it takes for the polymer in the sprue to 

freeze.  Once this polymer has solidified, there is no reason to continue applying hold 

pressure. 

 

4. Cooling – Once the hold pressure has been released, the part is allowed to cool in the 

mold.  Molds utilize a temperature control system.  System types include temperature 

controlled oil, water, or electric resistance heaters.  The purpose of the cooling is to 

remove enough heat from the polymer part that the temperature drops below the glass 

transition temperature of the polymer.  At this point, the polymer has entered the 

glassy phase and is not easily damaged when it is ejected from the mold.   

 

Thus, cooling time and mold temperature are important molding factors for the 

cooling cycle.  A short cooling time decreases the overall cycle time while a long 

cooling time prevents the part from warping as it cools.  However, high cooling times 

are limited by economics in the drive for ever shorter cycle times to produce more 

parts less expensively.  The mold temperature is limited by the temperature control 

unit’s ability to change the temperature of a system with significant thermal mass.  

Another limit on the mold temperature is the heating and cooling medium used.  In 

water systems, the maximum temperature is typically 110°C if the system is 

pressurized.  At the end of the cooling time, the mold opens and the part is ejected 

from the mold using actuators or compressed air.  The mold then closes again, ready 

to repeat the cycle. 
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The injection molding cycle is listed above as a serial process but the process is actually 

somewhat parallel.  As soon as the hold cycle is complete (step 3), the screw begins to meter 

a new polymer shot (step 1) simultaneous to the part cooling and being ejected from the mold 

(step 4). 

 

In addition to the above factors, the mold insert used in this experiment was created so that 

the features could be rotated in the mold.  This rotation caused the injecting polymer to flow 

across a feature first, second, or last.  This factor, mold position, is not a factor that can be 

changed in most production molds, but it is a design aspect when creating a new mold and 

determining the flow path of the polymer. 

2.1.2 Polymer Processing in Injection Molding 

In addition to the processing factors presented above, accurate replication of optics requires 

an understanding of the polymer itself.  The polymer can be viewed on the microscopic 

(molecular) or macroscopic levels.  The development of an understanding of the polymer and 

its relation to the processing factors is best undertaken by focusing on the molecular factors 

first because they cause the macroscopic response of the polymer to the processing factors.  

The focus of the following two sections is on the molding of thermoplastics, both amorphous 

and semi crystalline, as these have the most relevance to the precision replication of optics 

research.  Thermoset and elastomer injection molding are not covered due to the 

inapplicability of these materials to optical replication.  Similarly, the molding of polymer 

blends, fiber-filled, and glass-filled polymers is not covered.  
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Molecular and bulk factors that are important to injection molding and are presented below 

include the polymer’s: 

• molecular weight and degree of polymerization 

• tacticity and conformation 

• crystallinity  

• specific heat 

• melting temperature  

• glass transition temperature 

• viscosity 

• coefficient of heat transfer. 

 

Molecular Weight and Degree of Polymerization:  The molecular weight (M) of a polymer 

is dependent on both the molar mass of a single repeat unit (Mo) and the number of repeat 

units (x) and is given by   

 

0xMM =           (2.1) 

 

where the number of repeat units (x) is the degree of polymerization.  In literature, it is 

difficult to separate the effects of the degree of polymerization from the molecular weight, 

which is dependent on both the degree of polymerization and the molar mass of the repeat 

unit.  Most items’ effects are reported as a function of the molecular weight using the number 

or weight average. 
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Polymers with increased molecular weight exhibit increased glass transition temperatures 

(Tg) and increased melt temperature (Tm) through the equations: 

 

M
KTT gg −= ∞       (2.2) 

 

where Tg
∞ is Tg for a polymer with M=∞, and K is a constant 

 

numm xH
R

TT
211

0 ∆
=−         (2.3) 

 

where R is the universal gas constant and ∆Hu is the enthalpy of fusion per moles of repeat 

unit, and 

 

0M
Mx n

n =            (2.4) 

 

A higher molecular weight also produces a higher melt viscosity as is measured (relatively) 

by the melt flow index MFI 

 

MFI ∝ 1
M

∝ 1
η

     (2.5) 

  where η = melt viscosity 
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However, this comparison is only true among polymers with the same skeletal structure.  For 

example, this relationship applies for two linear polymers, but a linear and a branched 

polymer with the same molecular weight do not have the same MFI. 

 

Polymer often gains tensile strength over a range of possible molecular weights.  This effect 

can be seen in Figure 2-2 for polystyrene (PS).  The tensile strength steadily increases 

between 50,000<MW<100,000.  Above a molecular weight of 100,000, the strength does not 

increase appreciably. 

 

 

Figure 2-2  Molecular Weight vs. Tensile Strength for Polystyrene (19) 

 

Polymer with higher molecular weight or degree of polymerization has a longer coil length 

and can easily approach the size of some of the mold features that are employed in precision 

injection molding.  In this research project features as small as 15nm have been replicated, 

but only when very shallow.  Many of the features have been less than 1µm across which is 

well within the possible length of a polymer molecule stretched to its full length, in a planar 
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zigzag conformation, for example.  If the flow is across one of these features, it is 

conceivable that the polymer molecule would be stretched by flow orientation and, if cooled 

without time for relaxation, the length of the molecule bridging the feature could affect the 

feature fill.  This is especially true for deep, narrow (high aspect ratio) features where the 

flow might not force the polymer into the feature.  The longer molecules have a more 

difficult time relaxing to their coiled length before cooling occurs which increases the 

internal stress in the polymer. 

 

Tacticity:  The tacticity or stereo regularity of a polymer is determined by the side groups of 

the polymer molecule and is a definition of the position of those side groups.  If the side 

groups are all on one side, the molecule is said to be isotactic.  If the side groups alternate 

from one side to the other, they are syndiotactic, and if they are randomly positioned from 

side to side, they are atactic.  The tacticity has several effects on the polymer molecule 

including likelihood of crystallization.  A polymer that is atactic has very little regularity, so 

it is difficult for crystallization to occur and the polymer is likely to remain amorphous.  

Isotactic and syndiotactic polymers have a regularity that promotes crystal growth.  The 

effects of crystal growth are discussed below in the section on crystallinity.  In amorphous 

polymer, tacticity affects the conformation of the polymer and the end-to-end distance by 

restricting the coiling of the polymer.  In a purely amorphous polymer, the net energy of 

interaction tends toward zero, thus forcing the side groups away from each other.  The net 

result is highly coiled polymers with great amounts of entanglement.  The major effects of 

tacticity on injection molding are through its effect on the likelihood of crystal formation. 
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Crystallinity:  Crystals in polymers form in thin lamellar sheets from nucleation points that 

form spherulites.  The crystals are not conducive to large crystal growth as is seen in metals, 

but instead form a random assortment of crystals, which are often interspersed with 

amorphous regions. Highly crystallized polymers can reach 95% crystallinity, but most have 

much lower proportions of crystallized material.  As stated above, the crystal structure is 

affected by the tacticity, which helps to determine the zigzag or helical tendencies of the 

polymer.  The crystal structure defines the slip planes and bond energies which in turn affect 

the melting temperature and the deformation and fracture properties of the polymer.  The 

effect of increased crystal size on the melting temperature (Tm) can be seen in 

Tm = Tm
o − 2γ eTm

o

l∆Hv

        (2.6) 

where:  l = Thickness of the crystalline lamellar sheet 

Tm
o = equilibrium melting temperature 

γe = end surface free energy of the polymer crystal 

Hv = heat of fusion per unit volume 

 

In polymer molecules the primary bonding along the backbone chain is much stronger than 

the secondary bonding of the crystal structure, so the molecules resist fracture and work to 

prevent morphologies and dislocations that would promote fracture. Additionally, the 

thinness of the lamellar crystal reacts much differently to fracture than is seen in metals.   

 

Polymer with increased crystallinity generally exhibits greater strength (larger modulus of 

elasticity, E) than amorphous polymer.  Typical values of E reported by Young (20) are 106 
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Pa for elastomers, 109 Pa for glassy (amorphous) polymers, and 1011 Pa for polymers 

measured parallel to the chain direction. Polymer with higher E has been shown in research 

to fill micro channels less well in precision injection molding.  Also, when the crystal forms 

in a polymer, the crystal has a much higher density due to the efficient packing of the 

molecule, which is seen externally as a decrease in specific volume while cooling.  This 

causes greater shrinkage in semi-crystalline polymers than in amorphous polymers.  The 

different crystal structures in a polymer often cause different amounts of shrinkage that in 

turn cause warp.  Both shrinkage and warp are extremely detrimental to the injection molding 

of precision optics both because of the change in part geometry as well as the different 

indices of refraction associated with the different density regions.  The interface between 

crystalline and amorphous regions in a polymer generally scatters light rendering the material 

useless for optical transmission applications. 

 

Specific Heat:  The specific heat of a material is a measure of its heat capacity.  To heat a 

material with a high specific heat, a large quantity of energy must be added, and conversely 

to cool this material, a large amount of heat must be removed from the material.  Injection 

molding with high specific heat materials is good for precision injection molding where it is 

desirable for the material to carry its heat and stay melted as long as possible while it flows 

through the mold.  If the material is able to carry its heat better, it has lower viscosity and 

fills microchannels and features better.  However, for injection molding, it is desirable to 

have the shortest cycle time possible, so a low specific heat is desirable because the material 

cools quickly in the mold. 
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Melting Temperature:  An increase in melting temperature requires an injection molding 

system to add more heat in the plasticating section of the screw.  Additionally, the mold must 

be held at a higher temperature to prevent the melt from cooling along the cavity walls before 

injection is complete.  The higher mold temperature requires more expensive temperature 

control units and possesses a greater danger to the operator from leaks and burns.  In semi-

crystalline polymers, the onset of solidification signals the beginning of crystal formation.  

The increased melting also causes a larger temperature differential between the onset of 

solidification in the cavity and room temperature.  The larger temperature differential causes 

larger amounts of shrinkage, more warpage (if the shrinkage is not symmetrical), higher 

internal stresses (unless the polymer is able to cool uniformly), and thus higher birefringence, 

variations in the index of refraction due to the internal stress.  The positive aspects of a 

higher melt temperature include a final product that is able to withstand a larger operating 

temperature range without approaching a major change such as the glassy to leathery 

transition. 

 

Glass Transition Temperature: The glass transition temperature of a polymer is the point at 

which the slope changes on a graph of specific volume versus temperature.  The Tg is stated 

as a single temperature, but generally occurs over a region of approximately 10˚F and is 

affected by cooling rates and crystalline structure.  The glass temperature is generally the 

transition of the polymer from a “rubbery” or “leathery” state to a “glassy” state and can be 

compared to the ductile-brittle transition point in other materials.  In the glassy state, the 

polymer is much tougher and more brittle.  The glass temperature of the polymer must be 

chosen to be well above the operating temperature range of the precision polymer part due to 
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the huge changes in volume and strength that the polymer experiences when crossing Tg.  

The molding process, however, must take place well above the glass temperature, so a high 

Tg requires a longer plasticating region in the injection screw, higher temperature on the 

barrel heaters, higher mold temperature during injection, and different gate dimensions in the 

mold. 

 

Viscosity:  The viscosity of the polymer is crucial to the process of precision injection 

molding.  Viscosity determines the ability of the polymer to flow into narrow, deep features, 

as well as how well the polymer fills the mold before starting to cool.  Viscosity is affected 

by many molecular level factors including the temperature of the material as shown in Figure 

2-3.   

 

Figure 2-3  Viscosity vs. Temperature for Several Thermoplastics (19) 
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The effects of the shear rate on the viscosity of the material is shown by 

 

η γ=
−

k m&
1

1
      (2.7) 

 where: η = viscosity 

  k = consistency factor (viscosity at γ=1/s) 

  γ& = shear rate 

  m > 1 for polymers 

 

The shear rate of the polymer is controlled at several points in the injection molding process.  

During the plasticating stage, the screw rotation speed sets the shear rate within the barrel for 

certain screw geometry as shown by   

 

&γ =
DN

h
x             (2.8) 

 where: D = screw diameter 

  Nx = rate of screw rotation 

  h = channel depth between screw threads 

 

The speed at which the polymer is injected into the mold also affects the shear rate by 

changing the speed at which the polymer passes through the narrow passageways of the sprue 

and gates.  The gate size changes the shear rate as well, and is often used to reduce the 

polymer’s viscosity just before the polymer enters the mold cavity. 
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Coefficient of Heat Transfer: The coefficient of heat transfer reflects the rate at which 

thermal energy passes through a polymer.  A polymer with a high coefficient has a smaller 

temperature gradient across the polymer and cools more uniformly in the mold leaving a part 

with less internal stress and warpage.  Most polymers have low coefficients, being relatively 

good insulators, which is the reason that the melt transport section of the injection screw is 

dedicated to thoroughly mixing the polymer to spread the heat throughout the melt by 

mechanical mixing. 

 

Polymer Choice:  Several polymers were considered for this experiment including 

polystyrene (PS), poly(methyl methacrylate) (PMMA), and polycarbonate (PC).  Each is 

used in many optical applications with PMMA and PC being used in the majority of optical 

applications.  Generally PMMA is used for better quality optics and PC is used when shatter 

resistance is required.  All of the processing parameters were considered when choosing the 

polymer to be used in this experiment.  Many of these material properties are shown in Table 

2-1.  The molecular weight of the polymer is very important for the specific process, but both 

PMMA and PC are available in many molecular weights.  For the molding of very small 

features on substrates, the most important factor is the viscosity of the polymer.  As shown in 

Figure 2-3, the viscosity of PMMA is higher than that of PS throughout the useful melt-

temperature range.  This requires that PMMA be injected more slowly, at a higher pressure, 

and that the mold be designed with larger gates and runners.  The screw and mold 

temperatures must be higher for the acrylic as well.  The acrylic has a specific heat cp = 1.4-

1.5 kJ/kgK as compared with the specific heat of styrene cp = 1.2 kJ/kgK, so the acrylic 

should hold its heat better as it fills the mold.   
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A significant advantage of acrylic is its smaller linear mold shrinkage of 0.002-0.006 

mm/mm vs. that of PS which is 0.004-0.007 mm/mm.  This lower shrinkage causes fewer 

stresses, as long as the above processing variables are set to compensate for the higher 

viscosity.  Other advantages of PMMA include its lower index of refraction, higher optical 

transmission, and lower birefringence.  The polymer chosen was Ato-Haas Plexiglas VLD 

(Video Laser Disc), a high quality optical grade polymer.  The data sheets for the acrylic and 

styrene used in molding are included in Appendix B. 

 

Table 2-1  Representative Material Properties of Optical Polymers 
 Property Units PS PC PMMA 

Density g/cc 1.04 1.2 1.19 
Water Absorption % 0.06 0.16 0.3 
Linear Mold Shrinkage cm/cm 0.004-0.007 0.005-0.007 0.002-0.006 
Coefficient of Thermal Expansion µm/m °C 70-90 68-70 54-90 
Melt Flow g/10 min 3.0 17.7 22 
Hardness Rockwell M 80 75.7 94 
Modulus of Elasticity GPa 2.62-3.172 2.1-2.4 1.8-2.8 
Ultimate Tensile Strength MPa 48 65.1 59 
Flexural Modulus GPa 3.037 2.3 3.0 
Flexural Yield Strength MPa 76 94.2 83 

M
ec

ha
ni

ca
l 

Notched Izod Impact J/cm 0.2 7.1 0.12 
Melt Temperature Tm °C 100 150 130 
Maximum Service Temperature °C 150 130 71-85 
Deflection Temp. @ 1.8MPa °C 93 130 88 
Vicat Softening Point °C 106 150 97 
Glass Temperature Tg °C 74-105 145-148 92 
Heat Capacity J/g °C 1.2 1.2 1.4-1.5 

T
he

rm
al

 

Thermal Conductivity W/m K 0.125 0.2 0.21 
Refractive Index -- 1.59 1.59 1.49 
Haze % -- 1.0 1.0 

O
pt

ic
al

 

Visible Light Transmission % 88-90 80-91 91 
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2.2 Previous Research in Injection Molding Factors and Effects 

Because of the need to produce parts quickly and with high accuracy, much effort has gone 

into research regarding the factors of injection molding and their effects on the replicated 

parts.  For this research, it is necessary to include the works in two major areas of injection 

molding.  The first area is that of optical applications.  The second area is that of micro-

molded features even if the applications are not optical in nature, though only those 

applications using amorphous polymer apply to this research.  Both of these areas are 

presented below. 

2.2.1 Optical Applications 

A number of researchers have set out to find the correlation between injection molding 

factors and their effects in an attempt the better mold small parts.  Few of these studies have 

had optical applications as their focus.  Notable exceptions include research by Bauer (2) 

studying the molding of waveguides with integrated fiber-optic mounts.  In molding these 

fiber mounts, it was found that high polymer and mold temperatures were crucial to accurate 

replication, even at the expense of long cycle times.  Additional notes conclude that a 

vacuum was drawn in the chamber prior to injection.  This procedure prevents trapped air 

bubbles, but also adds to the cycle time significantly.  It was also found that the machine 

must have very good process control and a small diameter barrel to reduce the amount of 

time that the polymer is in the barrel, the barrel residence time.  Research reported by Yoshii 

(21) investigates the transcription height of ridges for use on an optical disc.  Through 

experiment and the solution of a model using the vitrified layer theory, it was found that a 
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high mold temperature had a very large affect through an increasing the replication accuracy 

of the height of ridges. 

2.2.2 Non Optical Micro Molding Applications 

Other research in micro molding of amorphous materials, though not specifically optical 

applications, gives additional insight into the effects of injection molding factors.  Jansen 

(22) and Titomanlio (23) detail the development on new molding simulation code that 

predicts that mold elasticity and the hold pressure profile as a function of time have great 

importance in the reduction of part shrinkage.  A prediction of the code is that length and 

thickness shrinkages are not related.  An additional prediction is that when holding pressure 

and time are small, the friction of the frozen polymer skin against the mold wall prevents 

some shrinkage.  This prediction is not useful for most molding applications, however, 

because of the necessity of higher hold pressure to achieve replication of feature and part 

dimensions.  The predictions of this research are tested through a parameter study reported in 

Jansen (24) which continues to focus on minimizing shrinkage in small rectangular parts. The 

conclusion of this research is that high holding pressure, high injection (barrel) temperature, 

and longer holding time give smaller part shrinkage.  Further research reported in Jansen (25) 

investigates part shrinkage long after it has left the mold.  This research reports that holding 

temperature and barrel temperature are important for controlling long term shrinkage.   

 

In direct contrast to the findings of Jansen, research conducted to verify simulation code 

reported in Leo (26) finds that thickness shrinkage is a good approximation of the shrinkage 

of the entire part.  This research also identified mold elasticity, gate geometry, and packing 
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pressure profile as having a large effect on part shrinkage.  Kambour (27) reports on a study 

of dimensional instability of injection molded parts.  The study found that tensile stresses in 

the skin were responsible for this instability and that the solution was to have very short hold 

times and a very stiff mold system.  Common design practice dictates that molds be designed 

to be as stiff as possible under the restraints of budget, unless the user is attempting to 

thermal cycle the mold, where the large thermal mass of a stiff mold would be a hindrance.  

The research reported in (27) has the goal of creating parts that experience minimal 

dimensional change over time, but do not necessarily begin with the correct dimensions.  

This goal can be achieved through low holding times. 

 

Kemmann (15) details research that successfully produced features with an aspect ratio 

(depth of feature divided by width of feature) of 10!  To achieve this replication, the mold 

had to be heated to a very high temperature before injecting.  In addition, a vacuum was 

drawn in the mold cavity.  No other molding factors were reported, but these features were 

created using a non-optical material.  A Taguchi parameter study reported by 

Leartcheongchowasak (28) had the goal of minimizing part shrinkage.  Of 13 independent 

factors studied, it was found that injection pressure, injection time, cooling time, injection 

speed, and screw speed were the most important factors in achieving low shrinkage. 

 

Liu (29) reports that in amorphous materials, the degree of melt fluidity correlates with 

dimensional precision.  Melt fluidity was found to be increased the most by high barrel 

temperature, high mold temperature, and high injection speed with the latter two factors 

being most important.  This research also reports preliminary research finding that the 
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polymer appears to have a “processing memory”.  It was found that barrel residence time had 

to be controlled very carefully to prevent variations in factor effects.  A caveat regarding this 

research is that the amorphous polymer did have a glass or mineral filling, which has some 

effect on the results.  And finally, Park (30) found that to achieve the most uniform part with 

the least warpage, it was necessary to optimize the uniformity of the part cooling.  This 

research then is focused on the design aspects of a part cooling system. 

2.3 Factors and Effects -The Need for an Increased Understanding 

Table 2-2 presents a summary of the results listed above.  The boxes marked with an “X” 

were identified as being a significant factor in achieving the research goal or the accurate 

replication of the molded item.  

 

Table 2-2  Significant Molding Factors as Identified in Previous Research 

Reference Item Molded /  
Research Goal 
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Bauer (2) Optical Waveguide X X       
Yoshii (21) Optical Ridges/Disc  X       
Jansen (22) Minimum Shrinkage X     X X  
Leo (26) Minimum Shrinkage       X  
Kambour (27) Dimensional      X   
Kemmann (15) Ultra High Aspect  X       
Leartcheong. (28) Minimum Shrinkage   X X X   X 
Liu (29) Dimension Precision X X  X     
Park (30) Minimum Warpage     X    

 

 38 



 39 

From the lack of agreement seen in the Table it can be concluded that the significance of a 

molding factor is dependent on the application and the goal for the replicated part.  Because 

of this conclusion, it is necessary to investigate the replication process for meso and micro 

optics. 

default
Continue to Chapter 3



4 Substrate Co-Molding 

Two challenges to the injection molding of precision optics were mentioned in the 

introduction.  The first challenge was the determination of a method that could create high 

quality lenses in high production volume.  This challenge was met through increasing the 

understanding of the response of replication accuracy to molding factors in the injection 

molding of meso and micro optics.  The second challenge to the acceptance of polymer 

lenses in precision micro optical applications was the need for thermal stability.  This chapter 

develops the background, challenges, solutions, and verifying experiments of a method of co-

molding polymer optics onto thermally stable substrates.   

4.1 Background 

Polymer has a much higher coefficient of thermal expansion than optical glass, limiting its 

utilization in precision optical applications.  Table 4-1 lists the coefficient of thermal 

expansion (CTE) for several optical polymers and glasses.  This table shows that the 

polymer’s CTE is approximately 10-100 times larger than that of common optical glasses.   

Table 4-1  Coefficient of Thermal Expansion of Common Optical Glasses and Polymers 
Material CTE(µm/m°C) E (GPa) 

Borosilicate Glass (Pyrex) 3.25-4.0 64 
Fused Silica Glass (Quartz) 0.55-0.75 94 
Soda Lime Glass 9.30 69 
Polystyrene (PS) 70-90 2.62-3.172 
Poly(methyl methacrylate) (PMMA) 54-90 1.8-2.8 
Polycarbonate (PC) 68-70 2.1-2.4 

 

This dimensional change becomes a serious problem in optics where even small changes in 

shape have large effects.  For example, if a polymer optic were performing communications 

functions in a computer and was located near the processor, the optic could experience 
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temperature swings from 25°C to 50°C as the processor warmed up.  The 167µm thick 

spherical optics produced for the experiment in Chapter 2 would increase in thickness by 300 

nm, or 0.6 waves, and the diameter would increase 12.6µm.  These changes would increase 

the radius of the lens 66µm and the focal length by 135µm.  Note this with respect to the 

minimum errors reported in chapter 2 that were all less that 750 nm.  Thus, even with the 

replication issues solved, the thermal expansion problem is a significant roadblock to the 

implementation of polymer optics. 

 

With an understanding of the importance of reducing the thermal sensitivity of polymer 

optics, many solutions have been suggested.  Highly cross-linked polymers tend to have 

lower CTE than the amorphous polymers listed above, but these polymers can only be used 

in reflective optics due to their opacity.  Crystalline polymers also exhibit lower CTE but 

they are composed of crystalline regions separated by amorphous regions.  Each interface 

between crystalline and amorphous structures is a candidate for reflection and refraction of 

light, limiting these polymers to reflective optics applications.   

 

Another solution has been proposed and tested in low production volume methods.  This 

solution is the co-molding of a thin polymer lens layer on a thermally stable glass substrate.  

Dannberg (6) reports on the use of UV photopolymer molding to place optics on fused silica 

and other substrates.  The report concludes by stating that, “Thin UV cured polymers on 

inorganic substrates results in good thermal and mechanical stability compared to all polymer 

devices.”  The results show that the thermal stability of the polymer is greatly increased by 

the stability of the substrate.  The polymer allows the replication of very small, sharp features 
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that would be difficult to grind into the surface of the glass substrate.  The UV photopolymer 

process has an advantage in substrate molding due to the great availability of adhesion 

promoters that can be added to the monomer before UV radiation is applied to the polymer.  

In addition, the UV photopolymer process requires a transparent mold half, so the use of a 

glass substrate is a good solution in many aspects.  However, the UV process is still 

comparatively slow, and can only achieve high production volumes when performed as a 

highly parallel operation which requires many molds that can all be in use at the same time.  

Dannberg (6) admits as much in the statement, “The approach does not compete with mass 

production techniques like injection moulding or roll embossing of thermoplastics.”   

4.1.1   Challenges of Substrate Co-Molding in Injection Molding 

Co-molding of precision optics on thermally stable substrates has not been reported using 

injection molding.  The rewards of developing such a method are numerous, as are the 

challenges.  The following sections present some of the challenges in substrate co-molding 

with the injection molding process. 

 Molding with Different Coefficient of Thermal Expansion Materials 

A significant challenge to substrate co-molding through injection molding is the difference in 

CTE for the polymer and glass.  When acrylic is injected onto the glass, the polymer is 

between 450°F and 520°F.  From this point, it must cool to room temperature.  Once the 

polymer passes the glass transition temperature, further shrinkage causes stress at the 

interface that attempts to break the adhesion and separate the polymer from the glass.  If the 

bond does not separate, a large amount of stress could be locked into the polymer part.  This 

stress, over time, can cause creep and a change in the dimensions of the optic.   
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 Molding with an Insulated Mold Surface 

In conventional injection molding, both sides of the mold are carefully temperature 

controlled.  As was seen in Chapter 2, the mold temperature was a very significant factor in 

the replication of the blaze grating.  In substrate co-molding, the substrate is placed in the 

mold and acts as one of the mold walls.  The substrate is not up to the mold temperature, and 

most substrates are at least somewhat insulative.  The coefficient of heat transfer for glass 

ranges from 0.81 W/m K for standard soda-lime glass to 1.3 W/m K for Pyrex.  Because the 

glass cannot reach the mold wall temperature before the polymer is injected into the mold 

(usually within 2 seconds of the glass being inserted into the mold), the mold cavity has one 

hot side and one cold side.  Fortunately, the side with the optical features is the hot side, 

increasing the likelihood of filling the micro mold features.  The polymer cools at different 

rates between the two mold cavity walls, causing internal stress in the part.  Possible 

solutions include using extremely thin parts, heating the substrate prior to molding, or 

allowing the substrate to reach the mold wall temperature before injecting.  Each of these 

solutions attempts to decrease the temperature differential between the two materials, though 

only slightly, or to reduce the strength of the polymer, which will prevent the polymer from 

applying significant stress to the interface. 

 Substrate Handling 

The high pressure and high production volume of injection molding are not optimized for the 

utilization of brittle materials in the mold cavity.  The clamping force of the Nissei molding 

machine is 69.0 KN, but larger industrial machines are often rated at 980 KN or greater with 

the largest machines developing 88 MN of clamping force.  For the glass substrate to 
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withstand this force, the surface supporting the glass must be very smooth, providing 

sufficient area to reduce the stresses on the substrate.  The substrate must also be accurately 

positioned in the mold.  The mold designed for this research uses two 1/8” dowel pins to 

position the height of the substrate so that it spans the mold cavity.   

 

A system for securing the substrate against the positioning pins in the mold was developed 

for this research as well.  The system uses a spring-loaded pivot arm to press the glass against 

the locating dowels and back into the mold wall as is shown in Figure 4-1(a).   

 

 

Figure 4-1  Side View of Mold with Substrate Holding Mechanism Shown (a) Holding the 
Substrate and (b) Ejecting the Co-Molded Part 

 

The swing arm contacts the top of the substrate and presses inward and downward.  The 

swing arm has a spring-steel extension that contacts the ejector plate in the plate’s forward 

position.  This spring extension releases the substrate just as the ejector pin comes forward to 
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push the substrate out of the mold and into the parts chute as is shown in Figure 4-1(b).  A 

stop-screw prevents the arm from swinging into the cavity if no substrate is present, and a 

clearance slot in the fixed side of the mold clears the swing arm and allows the mold to close 

fully with or without a substrate.  This system permits the mold components to be brought 

into equilibrium by molding polymer parts with no substrates.  Then, substrates can be added 

when the mold has reached equilibrium. 

 

In this research, the substrates were put into the mold by hand each time.  In a production 

system, a pick-and-place robot could be used to place and remove the substrate optics from 

the mold.  Systems such as this are common in industrial molding where the parts must be 

removed from the mold and not allowed to fall down the parts chute. 

 Part Features in the Fixed Side of the Mold 

In most molding applications, the mold features are in the moving side of the mold.  When 

the mold opens, the molded polymer part is likely to stick in the side of the mold that has the 

most features.  Figure 4-2 shows the options of molding on the fixed or the moving side of 

the substrate.  It is desirable that the part stick to the side of the mold that has the ejector 

system, the moving side, so that the power of the ejector can be used to remove the part from 

the mold.  This configuration is shown in Figure 4-2(b).   
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Figure 4-2  Top Views of Co-Molding on the (a) Fixed and (b) Moving Side of the Substrate 

 

For this research, however, it was not possible to have the mold features on the moving side 

of the mold because of the placement of the substrate.  The polymer must be injected on the 

fixed side of the mold, and it was determined that the polymer was unlikely to flow through a 

runner onto the far side of the substrate and along the moving side of the mold.  Additionally, 

the fixed side of the mold would be required to fully contact both the substrate, seen at 

location 4 in Figure 4-2(b), and the moving-side’s aluminum mold insert, seen at location 3 

in Figure 4-2(b).  For this contact to occur, the thickness of the substrates would need to be 

held to a tight tolerance.  Glass producers were contacted about this requirement and most 

were only willing to promise a ±100µm tolerance on nominal thickness and only at 

significant expense.   

 

 116 



The alternative was to place the mold features on the fixed side of the mold.  In this 

configuration, shown in Figure 4-2(a), the mold cavity is formed by the fixed mold insert 

contacting the substrate at locations 1 and 2.  This contact occurs regardless of the thickness 

of the substrate, instead requiring only that the substrate surfaces be relatively flat and 

parallel.  The parallelism requirement is, in fact, less stringent that might be imagined due to 

the compliance of the sleeve bearings on which the platen rides on the tie bars.  This 

compliance allows some angle in the platens.  A requirement of the fixed-side molding 

configuration is that the mold inserts and features be designed so that the part can free itself 

from the mold upon cooling.  This is necessary if the part is to travel with the moving mold 

plate when the mold opens.  This goal was achieved by avoiding undercut features and by 

attempting to design relief angles into the mold features so that few feature surfaces were 

perpendicular to the surface of the substrate.  The blaze grating was positioned so that the 

step features were angled to help the cooling polymer to draw back from the mold slightly.  

The edge of the mold cavity was rounded to help the part release from the mold and the sprue 

was polished and tapered to help the replicated polymer part release from the fixed side of 

the mold.   

 

The above challenges to substrate molding include possible solutions for each of the 

challenges mentioned.  However, one of the most significant issues was not detailed above; 

that is the adhesion of the polymer to the glass substrate.  To best understand this problem, a 

brief introduction to adhesion and the surface free energy theory of adhesion is presented 

here.  Through this explanation, many of the important factors of adhesion will become 

evident. 
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4.1.2 Adhesion and the Surface Energy Theory of Adhesion 

The phenomenon of adhesion occurs when two materials are held in contact by mechanical, 

electrostatic, or molecular forces.  The adhesion of the materials is affected by many factors 

including the type of bond, condition of the two surfaces both from contamination and 

surface roughness aspects, surface energies, contact angles, spreadability, wettability, 

viscosity, internal stresses, surface density, and boundary layer strength of the two surfaces.  

These factors are presented below through the development of the adhesion process.  This 

process is complicated and different theories have been proposed to explain the adhesion 

process.  The description below is not a rigorous derivation of the process, but instead 

highlights some of the more important aspects of adhesion and the governing equations. 

Adhesion Terminology and Definitions:.A few definitions are necessary for the discussion 

of adhesion. 

• Adhesion – A phenomenon where two surfaces are held together by interfacial forces of 

attraction. 

• Adhesive – A substance capable of holding materials together by surface attachment. 

• Adherend – A body that is held to another body by an adhesive.  

• Substrate – A material upon the surface of which adhesive is spread. 

• Apparent Contact Area – The area of two overlapping surfaces as determined by the 

dimensions of each(e.g. length times width of overlapped area). 

• Real Contact Area – The area of two materials that are within 3Å of each other, causing 

them to be pulled into contact by Van der Waals forces. 
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 The Surface Energy Theory of Adhesion   

The surface energy theory of polymer adhesion assumes that the primary factor controlling 

the adhesion of materials is the surface energy.  All of the other factors are either due to the 

surface energies of the adhesive and adherend, or are important because of the means by 

which they increase or overcome the materials’ surface energies.  Firstly, the surface energy 

of a material is due to the microscopic electrical (primarily Van der Waals) forces of 

molecules near the surface of a material.  These microscopic forces produce a 

macroscopically measurable force perpendicular to any line lying on the surface of the 

material.  This force, divided by the length of the line, gives the surface energy.  A term that 

is used interchangeably with surface energy is surface tension, however, surface tension only 

applies to liquids.  Van der Waal forces drop by approximately the inverse of the distance 

from the surface raised to the 7th power causing adhesion to occur only at points where two 

surfaces are within 3Å of each other. When two objects are brought together, the high points 

of the surfaces experience adhesive bonding, but the real contact area of these tiny regions is 

so small that the macroscopic force is negligible.   

 

When a force is applied to the two materials, compressing them together, the real contact 

area is increased and the adhesion can be felt as friction when a shear force is also applied to 

the materials.  If the compressive force is released, the elastic recovery of the surface 

roughness peaks overcomes the attractive forces of the surface energies, forcing the materials 

apart and reducing the real contact area.  If the materials are again placed under the 

compressive force and moved such that the so-called “ploughing force” plastically deforms 

the material, it is possible to reduce the elastic forces enough such that the materials remain 
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adhered together through the process of cold or friction welding.  It is possible that the 

ploughing force actually causes energy release from elastic hysteresis instead of actual plastic 

deformation.  In either case, the force necessary to shear the junctions that were formed at the 

regions of real contact is the force labeled as the friction force.  Because this force is 

dependent on the real area of contact and not the apparent area of contact, friction force is 

generally seen to be independent of (apparent) contact area.  

 

A conclusion of great importance can be deduced from the requirement that the surfaces have 

areas within 3Å of each other to achieve adhesion.  The cleanliness of the surface is 

paramount.  Even very high surface energy materials do not bond if the surface is not clean.  

A low energy layer of dust or oxide even as small as one molecule in thickness prevents 

adhesion from occurring.   

 The Work of Adhesion 

It can be seen from the above discussion, that the goal of achieving a good adhesive bond  

can be met if the real contact area is maximized in a bond without significant elastic stresses 

present that will break the bond.  The theory of adhesion is a study of the maximization of 

this real contact area.  A logical means of achieving maximum real contact area is to apply a 

liquid that spreads over the whole surface, providing contact to all points on the surface.   A 

quantity used to predict adhesion is Wa, the reversible work of adhesion per unit area.  

Though it is agreed that Wa is dependent on the surface energy of the adhesive and adherend, 

there are several theories as to the exact form of that dependence.  Measuring Wa is difficult, 

so most measurements are done on the reverse process of removing the adhesive from the 
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adherend.  The basic agreement among all methods is that Wa gives a quantity that is much 

lower than the work required to remove the adhesive.  Because of this, another quantity Wa
* 

is defined as the quantity of work per unit area to remove the adhesive.   

 

An approximate value for Wa is 

Wa = 2 γ sγ l( )1 / 2             (4.1) 

  where γs = surface energy of the substrate 

   γl = surface energy of the liquid 

  and both the substrate and liquid surface energies have many components 

γs,l = γd + γh + γp + γab + … 

   d=Van der Waals, h=hydrogen bonding, p=polar, ab=acid-base 

 

However, the inclusion of all of the extra terms in the free energy term may be unnecessary 

as the Van der Waals term is widely considered to be the controlling term.  The other energy 

terms only apply when the materials are close enough that the Van der Waals forces can take 

effect. 

 Free Energy and Young’s Contact Angle 

In a contrasting approach, the value for Wa is based on the free energy and Young’s contact 

angle.  A drop of liquid on a substrate is shown in Figure 4-3 and defines Young’s contact 

angle θ and the surface energies γSL˚, γLV˚, and γSV˚ existing at the phase boundaries of the 

liquid at rest and the ° symbol denotes equilibrium conditions.  SV˚ and LV˚ are the solid and 

liquid in equilibrium with the saturated vapor respectively. 
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Figure 4-3  Contact Angle of Liquid Drop on Solid Substrate 

 

Young’s contact angle is an inverse measure of the spreadability or wettability of the liquid 

on the test surface.  A contact angle of 0 means that the liquid is spreading, while a contact 

angle greater than 0 is a non-spreading liquid.  The Young Equation describes the geometry 

shown in Figure 4-3 as  

 

γ sv° −γ sl = γ lv° cosθ         (4.2) 

 

The work of separation Wa
* has been shown to be  

 

sllvsaW γγγ −+= °°
*         (4.3) 

  where γs˚ = equilibrium state of the solid in a vacuum 
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From this, it is seen that the ability of an adhesive to bond to an adherend is dependent on the 

surface energies of the solid, the liquid and vapor in equilibrium, and the solid and liquid in 

equilibrium.  In fact, with further development, the work to separate the adhesive from the 

adherend becomes highly dependent on the surface energy of the solid and vapor in 

equilibrium as well.  The vapor changes the apparent surface energy of the solid when the 

adhesive is removed.   

 Surface Roughness and Adhesion 

The roughness of the surface also plays a part in the adhesion process.  This is represented by 

the equation 

 

r =
cos ′ θ 
cosθ

           (4.4) 

 where  r = a roughness factor for the surface of the solid 

  θ′ = apparent contact angle 

  θ = actual contact angle 

 

In practical applications, the roughness factor of a surface is 1.0 only if the roughness is less 

than 3Å so that the entire surface is within the active range of the Van der Waals forces and 

adhesion can occur across the entire surface.  Fire polished glass is one of the few materials 

to achieve this surface finish.  Even carefully machined and ground metal exhibits r=1.5.  

Because of this, the roughness exaggerates the actual contact angle in almost all cases. 
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Spreadability and Adhesion:  Cooper (36) developed a quantity S to signal whether a liquid 

would spread on a solid.  If S>0, the liquid spreads, but if S<0, the liquid is non-spreading.  

The spreadability S is defined as 

 

S = γ s° − (γ lv ° + γ sl )       (4.5) 

 

but, for organic liquids on organic surfaces, 

 

γ sl << γ lv °             (4.6) 

 

The spreading reduces to  

 

S = γ s° − γ lv

or
γ s° > γ lv

            (4.7) 

 

for spreading to occur, i.e. the surface energy of the liquid must be less than the surface 

energy of the solid for adhesion to occur.  Fortunately, the surface energy of liquids (except 

for metals) is less than 100 erg/cm2 at room temperature, while the surface energy of solids is 

in the range 500<γ<5000erg/cm2 for hard solids including glass (37).  Generally, as the 

hardness or melting temperature of a solid increases, so does the surface energy.  One 

important caveat to the preceding values of surface energy is that solids have drastically 

lower surface energies if they adsorb liquid before adhesion is attempted. 
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From earlier discussion, it is apparent that the real contact area between the adhesive and the 

adherend must be maximized to achieve a good bond.  Real surfaces have surface roughness 

from pores and cracks and it is desired that the adhesive penetrate and fill these pores and 

cracks.  An equation describing the height of capillary fill, h, is 

 

h = kγ lv° cosθ
ρR

      (4.8) 

 where  k = a constant 

ρ = liquid density 

  R = equivalent radius of the capillary 

 

In the case of molten polymer, capillary filling also depends on the liquid not being so 

viscous that the capillary cannot be filled before the liquid cools below its glass temperature.  

It has been determined that the ability (Z) of the polymer melt to achieve an equilibrium 

contact angle can be written as: 

 

Z ∝γ lv (melt) ∝ 1
η

     (4.9) 

  where η = viscosity of the liquid 

 

For injection molding, the polymer viscosity is affected by temperature and shear rate, 

making these factors have great importance in the success of adhesion as well. 
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 Causes of Interfacial Stress in Adhesion 

Often, the adhesive is applied in a liquid phase, but later cures, cross-links, or cools to a solid 

phase.  In the ideal case, this is not a deterrent to sustaining adhesion because the adhesive 

bond is only 1 molecule deep.  Except for any change in density or molecular orientation, the 

adhesive bond would be formed with the materials exhibiting the same surface energies as in 

the liquid phase.  In reality, however, the change of phase usually causes the development of 

localized stress and stress concentrations.  The most common cause for this stress is the 

difference in the coefficients of thermal expansion for the adhesive vs. the adherend.  The 

introduction of internal stress considerably reduces the strength to a point well below the 

theoretical strength of the bond.  There are many causes of stress concentrations in the 

material that magnify the effects of the internal stress.  Any air pockets between the adhesive 

and adherend, in unfilled pores for example, act as a stress concentration.  Higher values of 

contact angle cause higher stress concentration.  It is expected that it is better to have small, 

high frequency, spiked roughness than relatively low frequency undulations.  This is due to 

the propagation of cracks under stress.  If the cracks are sharp and close together, one may 

act as a stress concentration, fracture, and propagate to the next crack, causing the radius to 

become larger and freeing only a small portion of the adhesive bond.  Low frequency pores 

may cause cracks that propagate long distances parallel to the bond plane, greatly reducing 

the strength of the bond.  The introduction of high frequency cracks is hypothesized by some 

to be the mechanism behind increasing bond strength by “roughing” materials before 

applying adhesive, though roughness can also be explained as adding significant contact area. 
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The strength of the boundary layer is also important to the adhesion of materials.  If the 

boundary layer of either the adherend or the adhesive is weak, it fractures, reducing the 

strength of the bond.  Polymers with weak boundary layers are known to generally have low 

coefficients of friction.  Polytetrafluoroethylene has very weak boundary layers, and a 

coefficient of friction of 0.05-0.1.  Polyethylene, on the other hand, has very strong boundary 

layers and a coefficient of friction of 0.6-0.8.  Poly(methyl methacrylate) and polystyrene are 

slightly lower with 0.4-0.5 as a range for friction coefficients.  The source of additional 

adhesion produced by surface treatments has often been attributed to surface oxidation 

causing a wettable polar surface with extensive interfacial contact, but it may also be due to 

the treatment’s ability to remove the weak boundary layer from the material. 

 

It has been noted that polymer melt is often able to form adhesive bonds, while the same 

polymer in solid phase would not.  It is proposed that any species contributing to weak 

boundary layers are rejected back into the bulk by the adherend surface while the polymer is 

still in the melt phase.  Additionally, it is known that a higher surface density increases the 

specific energy of the polymer.  For crystalline polymers, this higher surface density is found 

at the adhesion interface because of the tendency for polymer crystals to nucleate at contact 

points in the interface. 

 Challenges to the Surface Energy Theory of Adhesion 

Earlier, it was noted that the surface free energy of solids was higher than that of liquids 

unless the solid surface had absorbed another liquid prior to the adhesive bond forming.  In 

fact, the requirements for adhesion are even more stringent than previously suggested.  The 
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minimum surface energy of a completely dry solid surface is approximately 500 dynes/cm.  

Pluddemann (38) reveals that the surface energy of soda-lime glass in air at 1% relative 

humidity has dropped by a factor of 10 to an astounding 47 dynes/cm.  Even more drastic is 

the drop in surface energy at 95% relative humidity to only 29 dynes/cm.  This highlights the 

difficulty that even a monolayer of water molecules on a glass surface reduces the surface 

energy so drastically that permanent adhesion is nearly impossible.  Unfortunately, a 

monolayer of water molecules forms on glass at only 0.1% relative humidity.  Even if the 

glass is dried and the adhesion occurs at a lower relative humidity, prolonged exposure to any 

higher humidity conditions causes water to penetrate through the glass or through the 

polymer, and the adhesion is jeopardized.  One approach to overcoming the challenge of 

adhering polymer to glass is through the use of a silane interface. 

4.1.3 Surface Modification Through Organofunctional Silane Chemistry 

Pluddemann (38) introduces organofunctional silanes by mentioning the two challenges that 

degrade adhesion:  1) water hydrolyzing bonds between inorganic and organic substances, 

and 2) interfacial stresses due to mismatched coefficients of thermal expansion.  The 

proposed solution to both of these challenges is a class of coupling agents known as 

organofunctional silanes, hybrid organic-inorganic compounds that overcome the above 

mentioned challenges.  Silanes were first applied to the problem of adhering polymer to glass 

in the 1940’s for use in fiber-glass reinforced plastic composites.  Since that time, much 

study has helped to shed light on the coupling properties of silanes.  The hypothesis given in 

Pluddemann (38) is that silanes work because of their ability to use the hydrolytic action of 

water to relieve the stresses caused by thermal expansion. 
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This hypothesis is a unique perspective that balances the surface free energy theory with 

contrasting experimental results.  For example, Bascom (39)  and Lee (40) showed that 

silanes could be used to control the surface energy of glass, but the results were not as would 

be expected from conventional surface energy theory.  They report on the adhesion of 

polyethylene to glass, a process that is generally thought to require a critical surface energy 

of γc=35 dynes/cm for the glass.  Some silanes were able to achieve this critical surface 

energy, but the silane that performed best only yielded γc=28 dynes/cm.  Bascom and Lee 

propose that the reactivity of the silane is more important than the polarity or surface energy 

of the materials.  Because this evidence does not fully support conventional adhesion theory, 

it is necessary to further investigate silanes and their methods of surface modification. 

Silane Chemistry 

The silane molecules which were chosen for this research consist of a silane functional group 

on one end for adhesion to the silicon in the glass substrate and an organically reactive end to 

adhere to the polymer.  Silane depositions can typically be grouped into 3 categories based 

on their thickness and purpose.  The first category is a “surface modifier” or “finish” layer 

which is one to several monolayers thick.  The finish must chemically modify the surface 

without contributing any of its own mechanical properties to the bond.  The second 

deposition is a “primer” or “size” composed of a 0.1µm to 10µm thick layer of silane.  The 

primer layer should be thick enough to carry the stresses developed between the adherends.  

The third deposition method is an “adhesive” that must be thick enough to fill gaps between 

two solid adherends.  The silanes used for this research were developed by United Chemical 
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Technologies Inc. (Bristol, PA) and were deposited between 3 and 8 monolayers thick, 

qualifying as surface modifiers, so further details in this document will only involve this 

deposition method.  In fact, it is a good approximation to develop the chemical model 

assuming a monolayer deposition, even though single monolayers are very difficult to 

achieve. 

 

Arkles (41) presents the steps of the chemical reaction as is presented in Figure 4-4.  The 

silane combines with water in a hydrolysis reaction forming a reactive silanol intermediate 

and methanol as a byproduct.  The hydrolysis of the silanes used in this research occurred in 

a mixture of 95%(by weight) ethanol, 5% water, and then sufficient silane to produce a 2% 

concentration solution.  The reactive intermediates then bond with each other in a 

condensation reaction producing silanols and a water byproduct.  In addition to reacting with 

each other, the silanols can bond with surfaces containing hydroxyl groups through hydrogen 

bonding as shown in Figure 4-5(B).  The hydrolyzed silane is shown in Figure 4-5(A) with a 

reactive organic end labeled “R” and a hydrolyzed end that is ready to bond with the 

substrate.  Figure 4-5(B) shows the silanols bonding to the glass surface through hydrogen 

bonding between silicon and oxygen atoms while the polymer coil has bonded to the organic 

reactive end of the silane.  Figure 4-5(C) shows the reaction as it is nearly in its completed 

state.  The silicon-oxygen bonds are inorganic bonds with a high degree of ionic character 

(50%).  Some oxane bonding will occur at this interface too, having an even higher degree of 

ionic character.  The ionic bonds are dependent on equilibrium constants and concentrations, 

and are reversible.  It is important to note that the bonding of the silane to the surface does 

not cause a hydrophobic coating, but instead is a process dependent on the presence of water 
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for bonding.  Any water resistant properties of the substrate surface depend on the 

equilibrium condition of the bonds between the surface of the glass and the silane in the 

presence of water.   

 

Figure 4-4  Chemical Reaction of Silane and Substrate (41) 

 

 

Figure 4-5  Silane Bonding of Polymer to a Substrate Shown (A) Before, (B) During, and 
(C) After Bonding Reaction Occurs (Adapted from 41) 
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The organic reactive end of the silane molecules bonds with the polymer’s organic 

molecules.  The bonding between the silane and the polymer occurs in 3 ways.  The first is 

through entanglement, in which the polymer coils physically entangle the reactive organic 

end of the silane.  The second bonding method is through hydrogen bonding.  The third 

method is through covalent bonding.  Of these 3 methods, covalent bonding provides the 

most secure bond, hydrogen bonding next, and entanglement provides the least secure bond.   

One theory is that the bonding ability of entanglement is increased through a restrained layer.  

This theory predicts that maximum bonding and resistance to hydrolytic cleavage are 

achieved when the polymer near the interface has a modulus between that of the bulk resin 

and that of the glass.  It is proposed that this increase in modulus occurs because the pressure 

applied during injection and bonding between silanols tightens the polymer structure at the 

interface and increases the holding power of the interpenetrating networks.  This tightening 

of the polymer coil is represented in Figure 4-5(B).  The strength of the silane-polymer bond 

is also increased by the nature of covalent bond formation that is dependent on 

thermodynamics and kinetics in a competitive environment.  An important attribute of 

covalent bonds is that they are not easily reversible.   

 

When used as a surface modifier, it is assumed that the silane interface does not contribute 

any of its own mechanical properties to the interface.  Tests show, however, that silane 

surface modifiers do have the ability to relieve stresses in the interface between polymer and 

a glass substrate while also maintaining the ability to adhere in the presence of water.  

Pluddemann (38) and other researchers suggest that this ability is due to the combination of 

the equilibrium dependent bond at the silane/glass interface and the rigidity of the restrained 
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layer at the polymer/silane interface.  The restrained layer prevents the silanols and the 

polymer chain from moving with respect to each other, while the reversible equilibrium 

bonding of the silanols and glass permits the breaking and reforming of bonds at adjacent 

sites.  This theory neatly includes all of the abilities and requirements for silanol bond 

formation.  However, for thermoplastic/silane systems, clear evidence of chemical reactions 

occurring between the silane and the polymer has not been found.  Pluddemann completes 

his review of silanol chemical bonding with the following  list of guidelines to achieve water 

resistant composite formation: 

1. Use a polymer with low water absorption (permeability is not an important factor). 

2. Use a water resistant substrate such as quartz. 

3. Use the appropriate silane coupling agent. 

 Types of Silane Available 

Silanes can have many different molecular forms.  For the adhesion of acrylic to glass, it was 

suggested by Dr. John H. MacMillan, Technical Manager for United Chemical Technologies, 

that 3 silanes be investigated (all products of United Chemical Technologies):  A0397, an 

acryl silane, M8550, a methacryl silane, and T2507, an ureido silane.  These three silane 

molecules are shown in Figure 4-6.  Dr. MacMillan advised that M8550, a tri-methacryl 

organo-functional silane, had the greatest likelihood of providing the desired adhesion.  The 

chemical name of this compound is 3-(Trimethoxysilyl)propyl methacrylate and has been 

assigned CAS#2530-85-0. 
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Figure 4-6  Three Silanes for Adhering Acrylic to Glass (42) 

 

Methods of Measuring Adhesion 

Whether bonding with silane or using conventional bonding practices (which follow the 

surface free energy theory), the value of Wa for adhesion is only useful as a tool for 

theoretical understanding.  The quantity that is usually measurable is Wa
*, the work in 

breaking the adhesion between the adherend and adhesive. Obtaining a measurement of the 

effectiveness of an adhesive/adherend bond usually requires destructive testing.  There are 

four basic types of stress encountered in structural bonding as shown in Figure 4-7. 
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Figure 4-7  The Four Basic Types of Stress in Structural Bonding (43) 

 

The adhesive experiences loading distributed over different surface areas for the 4 types of 

stress.  Tensile and shear loading subject the entire adhesive bond to the stress at the same 

time.  Cleavage reduces the area of adhesive experiencing the maximum stress, and peel 

stress focuses the loading at a very thin line.  For this reason, peel stress is used most often in 

an attempt to get values for Wa
* but requires that one of the adherends be flexible.  When one 

of the adherends is not flexible, the shear test is used most often.  The experimental setup for 

a peel test is shown in Figure 4-8, and the experimental setup for a shear test is shown in 

Figure 4-9. 
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Figure 4-8  Experimental Setup for Adhesion Test Using Peel Stress (44) 

 

 

Figure 4-9  Lap Shear Test of Adhesion (45) 

 

The peel test is probably more useful for determining a number for the term Wa
* because the 

area over which the force acts is relatively constant throughout the test.  The shear test, 

however, is quite useful for the injection molding of precision optics on substrates because of 

the ability to perform the test with no flexible adherends.  This test shows whether failure is 
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likely to occur first in the adhesive bonds of the polymer/substrate interface, or in the 

cohesive bonds of either the polymer or substrate materials.  

 

One method of measuring the quality of a bond is by determining the area of the surface that 

was wetted by the adhesive.  A bond is formed between an adhesive and an adherend.  The 

bond is then sectioned and polished and placed in an optical microscope.  Any large voids 

may be seen at this level, but the true test of the surfaces being within 3Å must be done with 

a transmission electron microscope.  For the optical test, however, it is often necessary to mix 

carbon black in the adhesive to differentiate between the adhesive and adherend.  This 

method appears to be mostly qualitative and difficult to link back to any value for Wa
*. 

 

Coatings manufacturers use a test that drags a needle across the surface of the coating to see 

if the coating separates from the adherend.  This method is another qualitative method with 

no means of determining a value of Wa
*. 

 

Because silane adhesion is designed for use in the presence of moisture, a good test of silane 

adhesion is to soak the bond in water.  In this test, a microscope slide is coated with silane 

and then the polymer is applied.  The composite is placed in water either at room temperature 

or at an elevated temperature and the bond is rated by the length of time that the composite 

can be soaked before adhesion is lost.  It is often the case that extremely good silane bonds 

will fracture the glass surface and separate carrying a layer of glass with the silane instead of 

fracturing at the interface. 
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4.1.4 Co-Molding Stress Analysis 

Whether using silane surface modifiers to promote co-molding adhesion or some other 

method, it is important to have an understanding of the stresses that are expected at the 

interface between the polymer and glass substrate.  Of primary concern are the peeling stress 

which attempts to peel one layer from the other, and the shear stress at the interface.  It is 

also important to calculate the normal or axial stress internal to the body to check that none 

of the stresses are above the strengths of the polymer or glass.  The shear and tensile stresses 

must not exceed the shear and ultimate tensile strengths of the polymer, and the peeling stress 

must be checked to see if the magnitude appears to be manageable.   

 

The interfacial stresses, caused by the mismatch in the coefficients of thermal expansion 

between the polymer lens and the substrate, are difficult to determine due to the boundary 

conditions at the interface and free edges of the co-molded “sandwich”.  If the layers 

separate, the problem also takes on aspects of fracture mechanics as stress intensity factors 

must be used to model the crack tip.  The solution of these difficulties is its own field of 

study and outside the scope of this work, however, several of the proposed solutions can be 

used as estimates of the stresses that might be present.  These estimates must be used with 

caution, due to the simplistic nature of these solutions.  There are several means of 

approaching the problem and solutions from two methods were used for the estimates 

presented here. 
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 Interface Stresses by the Theory of Elasticity 

An initial method of finding the interface stresses is a method that is consistent with the 

linear theory of elasticity.  The description presented here follows a presentation by Dr. 

Barnett of the materials science department at Stanford University.  This method begins with 

an N-layer, elastic composite and the induced thermal stresses in each layer are found.  The 

method begins by detaching the layers, changing the temperature, and determining the stress 

free length of each layer at the new temperature.  This length change for each layer is 

understood as a strain, so each layer is elastically deformed back to its original length. This 

creates a composite sandwich in which each layer is held to the length by a different 

externally applied stress.  The layers are reattached and, because there are no end forces in 

the real problem, a resultant stress is found whose strain is such that there is no net axial 

force acting on any composite cross-section.  However, the composite will have a resultant 

moment, causing a bending moment.  The composite is modeled as a bending beam and the 

final residual axial stress is found in each layer based on an equilibrium radius of curvature.   

 

Simplifications are then made with the assumption of a thin film layer on a very thick 

substrate, allowing semi-infinite solid solutions.  However, this solution has no interfacial 

shear stress, so it is often solved as an infinite strip problem with periodic loading.  The 

solution is then found through the use of an Airy stress function, finally yielding the 

equations used in this approximation.  The equations of the two-layer, thermal stress analysis, 

edge effect solution for a temperature change of ∆T are presented in Equations 4.11-4.15 

along with Figure 4-10 giving the accompanying geometry. 
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Figure 4-10  Geometry for Edge Effect Stress Calculation 
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A program was written to utilize Equations 4.10-4.15.  Software restrictions limited the 

number of iterations that could be used in each summation, but it was found that each term 

had reached a high degree of convergence, so the limitation on iterations was not seen as a 

source of significant error.  The stresses in the polymer were calculated and plotted for the 

half width of the co-molded optic along the polymer-glass interface as shown in Figure 4-11.  

Additionally, calculations were made that focused only on the final 160µm of co-molded 

optic so that the edge effects model’s predictions could be better understood.  This edge 

effect plot is shown in Figure 4-12.   

 

Figure 4-11  Thermally Induced Stresses in a Co-molded Polymer Lens at the Polymer-Glass 
Interface Plotted for the Lens Half Width of 10mm 
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Figure 4-12  Thermally Induced Stresses in a Co-molded Polymer Lens at the Polymer-Glass 
Interface Plotted Over the Final 160 µm to the Edge of the Part 

 

As can be seen by these plots, the maximum shear stress in the co-molded optic occurs at the 

interface and has a magnitude of 2.657MPa which is well below the maximum shear strength 

of acrylic of 33.6MPa.  The maximum normal or axial stress in the part has a magnitude of 

9.41MPa which is well below the ultimate tensile strength of the polymer of 59MPa.  The 

peeling stress at the interface has a maximum magnitude of 5.0MPa, but the maximum 

peeling stress is actually located further toward the free edge of the part and has a value of 

9.6MPa.  This peeling stress must be viewed with some skepticism because the edge effect 

solution contains a singularity in the peeling stress calculation.  If the calculation were 
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carried on for an infinite number of iterations, the value of the peeling stress would reach 

infinity as well.  Because of the approximate nature of the calculation, it was felt that another 

method of approximation should be used as well to help bound the expected stress. 

 Interface Stresses by Strength of Materials – Suhir Method 

A second method of estimating the interface stresses is through a method presented by Suhir 

(46).  This method is an extension of the Timoshenko theory of bi-metal thermostats and can 

be considered to be a strength of materials method.  There is concern as to the validity of this 

approach, so this method is only useful as an approximation.  The development of the 

equations is detailed in (46) with the maximum peeling stress and shear stress given by 

Equations 4.16-4.21 for the geometry shown in Figure 4-13.  These stresses are: 
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Figure 4-13  Geometry for Suhir Method of Stress Calculation 

 

The Suhir method predicts that the magnitude of the maximum shear force will be 10.66MPa, 

a maximum axial force of 12.6MPa in the polymer, and a maximum peeling force of 

4.48MPa.  The stress values from the Suhir method and the edge effect method are plotted in 

Figure 4-14 along with the corresponding ultimate strength value for PMMA.  This Figure 

shows that the predicted stresses are in fair agreement between the two methods of 

prediction, and all stresses lie well below the corresponding ultimate strength for PMMA.  

By this analysis, it is assumed that the polymer would be able to experience this stress 

without ultimate failure.  However, no value is given for the strength of the bond in peeling.  

This is due to the uncertain nature of the bond between the polymer and the reactive organic 

end of the silane surface modifier.  As was mentioned, this bond has never been seen, so it is 

difficult to predict a stress at this boundary.  If there is failure of the adhesion, it is expected 

to be at this interface. 
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Figure 4-14  Magnitudes of Thermal Stresses in a Co-Molded Optic Predicted by the Edge 
Effect and Suhir Methods and the Corresponding Ultimate Strengths of PMMA 

 

4.2 Substrate Co-Molding Experiment 

Once it had been predicted that the polymer would be able to sustain the predicted stresses 

without failure, and that the use of silane surface modifiers was predicted to promote 

adhesion between the polymer and glass in the co-molded optic, a set of experiments was 

planned that would test the predictions to determine if co-molding was possible through 

injection molding. 

 145 



4.2.1 Experimental Method 

The co-molding of polymer onto glass required several modifications to the injection 

molding process.  These modifications were necessary to properly prepare, co-mold, and 

recover the substrate.  The development of these processes occurred over many molding 

cycles as experiments showed the methods that worked and the methods that did not.  In 

most instances, the final methods are presented here, though in a few cases, an intermediate 

attempt is detailed for completeness. 

 Substrate Selection 

The substrate chosen for co-molding was glass microscope slides.  These were primarily 

chosen as an inexpensive and readily available material.  Several types of glass were selected 

for the experiments because each offered strengths that the others did not have.  The two 

primary materials were soda lime glass, the material used for most commercial microscope 

slides, and fused silica or quartz slides.  Of the two materials, soda lime is much less 

expensive at approximately $0.11 per slide (when purchased in small quantities) as compared 

to quartz at $15.00 per slide.  Soda lime glass also has a coefficient of thermal expansion that 

is nearly 20 times that of quartz.  This higher coefficient is an advantage during the molding 

process because it will grow and shrink more causing lower stress at the glass-polymer 

interface.  This higher coefficient is a disadvantage in the final optical application because of 

the greater amount of thermal growth that the substrate will allow, however, the expected 

temperature change during operation is not extreme, and is still much better than that of the 

polymer alone.  Quartz has many advantages due to its processing, especially in its 

dimensional precision and higher purity.  Because quartz slides are a specialty item, they are 
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precision ground to size and the material composition is high purity SiO2.  Soda lime glass 

contains other elements giving it the properties that it exhibits.  These additional elements 

and their percentage of the total is given in Table 4-2. 

Table 4-2  Common Glasses and Their Primary Chemical Composition 

Fused Silica (Quartz) Soda Lime Glass Borosilicate Glass (Pyrex 

SiO2 = 75% SiO2 = 60-80% 

Na2O = 15% B2O3= 10-25% SiO2 = 100% 

CaO = 10% Al2O3= trace % 

 

It was proposed that these additional elements would cause irregularities in the bond 

morphology and strength across the interface, causing the adhesion of the glass and polymer 

to be less secure.  Because the silane is designed to bond with silicon in the glass substrate, 

bonds with other elements might not occur or, at the very least, would occur in a dissimilar 

manner to that of the silicon-oxygen-silicon bonds. 

 Substrate Preparation Process 

Another difference between the two glasses was the expected cleanliness of the surfaces.  To 

insure that the cleanliness of the glasses would be similar, the glass slides were subjected to a 

rigorous cleaning before co-molding.  It was suggested by Edward J. Gratrix, Director of 

Micro-Optics Technology for Zygo TeraOptix Corp., that the RCA method be used because 

it is a very common method of cleaning silicon wafers in the integrated circuit industry.  

After contacting individuals familiar with silicon processes at the Engineering Graduate 

Research Center of North Carolina State University, it was decided that the JTB1-1-1 (J. T. 

Baker Chemical Inc., Phillipsburg, NJ) process would be preferable.  This process is a 
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modification of the RCA method that is much more environmentally friendly, faster, and less 

expensive.  The drawback of the JTB1-1-1 cleaning method is that the chemicals used in the 

final two steps are proprietary, so some unknowns are introduced to the process. 

 

Mr. Gratrix suggested that after cleaning, it might be advantageous to dip the slides in a 10% 

KOH solution to promote hydroxyl (OH) termination of the surface.  The hydroxyl 

termination is necessary for silane to bond with the surface.   This method was attempted, 

however, upon baking the slides for 30 minutes at 100°C as was suggested, a white residue 

formed on the surface of the slides.  This residue could be wiped away, but the plastic would 

not stick to the glass after this point. 

 

Once the slide had been cleaned thoroughly, it was ready for application of the silane 

interface layer.  The method of application was suggested by the manufacturer of the silane 

stock.  A solution of 95% (by weight) ethyl alcohol and 5% water (without fluoride) was 

created.  Enough silane was then added to make a 2% concentration.  This solution was 

allowed to sit for 2 hours during which the acidity was checked every 15 minutes using a 

MiniLab IQ125,handheld electronic pH meter (IQ Scientific Instruments Inc., San Diego, 

CA).  This meter was calibrated before using the first time and communication with the 

manufacturer confirmed that the meter was able to hold its calibration accuracy for up to a 

day after calibration, even if the unit were turned on and off.  The target range of pH for 

complete hydrolization of the silanol was 4.5<pH<5.5.  If the mixture was too basic, acetic 

acid was added to return the solution to the target range.  It was found that the adjustment 
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target should be toward the basic end of the range as the solution tended to become more 

acidic with time. 

 

Because silane is reactive with water vapor, it was necessary to use a nitrogen tent when the 

silane stock bottle was open.  A tent was made from a clear plastic bag.  The silane bottle, a 

10 mL graduated cylinder, and a beaker containing the ethanol and water mixture was put 

into the bag.  The bag was then sealed except for two small slots through which hands could 

be placed.  A small cut was made in the bottom of the bag and a tube from a nitrogen gas 

tank was inserted.  The air was removed from the tent as much as possible and then nitrogen 

was allowed to flow into the tent.  The tent inflated with nitrogen which then flowed out the 

hand holes in the tent.  After the nitrogen had been allowed to purge the tent for 10 minutes, 

the user’s hands were inserted into the two hand slots and rubber bands around the wrists 

sealed  the tent.  The silane bottle was then opened, the silane measured, and added to the 

ethanol/water mixture.  Once the silane bottle had been closed, a cut was made in the tent so 

that all of the items could be removed.  Then the aforementioned pH monitoring could begin. 

 

The slides were dipped in the silane solution for 3 minutes, rinsed with ethanol to prevent 

crosslinking of the silane layers, and then baked at 100°C for 10 minutes.  Experiments were 

done with silane residence times of 2 to 5 minutes with little difference found in the 

effectiveness of the final polymer-glass bond.  The silanol stock manufacturer reported that 

the baking could be replaced with a drying period of 24 hours at room temperature which 

was also tested, but no improvements were found in the bonding of polymer to glass. 
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It was expected that each of the coating processes in the substrate surface preparation was 

time critical.  After cleaning, too much time in atmospheric conditions can cause the surface 

to be attacked by acidic CO2 in the atmosphere, causing the hydroxyl terminations to 

hydrogen bond with other molecules.  Because of this time dependence and the many steps 

necessary to prepare the chemicals and equilibrate the molding machine, schedules were 

developed to determine the start times of each process.  The schedules for the process with 

and without KOH application are presented below in Figure 4-15 and Figure 4-16 

respectively.      

  

 

Figure 4-15  Processing Schedule for Substrate Co-Molding Including KOH Application 

 

 

Figure 4-16  Processing Schedule for Substrate Co-Molding Without KOH Application 
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 Substrate Co-Molding Process 

Co-molding on a substrate requires several modifications to the injection molding process.  

These modifications are primarily due to the presence of the brittle substrate in the mold.  For 

each molding session, the injection molding machine, barrel heaters, and mold heater were 

energized for at least 45 minutes to allow the system to come to temperature.  The polymer 

was then purged from the barrel and new polymer was added to the hopper with some run 

through the barrel to purge any remaining old polymer.  More than 20 parts were molded to 

allow the process to come to equilibrium.  Once at equilibrium, a glass slide was put in the 

substrate holder on the moving side of the mold.  The nozzle was brought into contact with 

the fixed side of the mold.  The lower (final) mold close velocity was cut by half to 15% to 

protect the substrate and the mold was closed.  Polymer was then injected onto the substrate.  

The mold remained closed for the desired cooling time.  Upon opening, the co-molded part 

usually remained on the fixed side of the mold due to friction in the sprue.  A tool was 

created to push the solidified polymer out of the mold sprue.  This tool, shown in Figure 

4-17, is inserted on the nozzle side of the fixed mold.  The stepped cylindrical regions of the 

tool, shown in Figure 4-17(B), fit into the holes in the fixed mold platen and fixed mold plate 

to guide the tool into the correct location as shown in Figure 4-17(A).  The nozzle is then 

brought towards the mold, pushing on the back side of the tool.  The steel push-out pin on the 

front of the tool pushes the solidified polymer from the sprue in a slow and controlled 

manner, stopping when the tool’s depth stop surface contacts the back side of the aluminum 

mold insert.  A piece of foam was inserted between the mold plates to catch the co-molded 

part as it was pushed from the mold.  After removing the part, the machine was reset to 
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automatic mode, molding parts and bringing the machine back to equilibrium.  After a 

number of parts had been molded, another substrate could be co-molded.   

 

 

Figure 4-17  Push-Out Tool Used to Release the Solidified Polymer Sprue from the Mold 
Shown (A) in Use and (B) in a Top View 

 

4.2.2 Results of Substrate Co-Molding Experiments 

Many of the substrate co-molding experiments had limited success.  The polymer often 

adhered to the glass, but as the co-molded optic cooled, the polymer popped loose from glass 

substrate.  In locations where the polymer was separated from the glass, but still very close, it 

was possible to see Newton’s rings due to interference caused by the increasing distance 

between the surfaces.  By observing these fringes, it was possible to watch the separation 

advance across the optic from the edges toward the center.  The separation happened in high 

speed, discrete separations, often accompanied by a loud pop.  A group of cooling lenses 

sounded similar to a bowl of Rice Krispies brand cereal in milk.  Because of this separation, 

the effectiveness of the adhesion was measured by the amount of time that the lens remained 
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adhered to the substrate.  This number generally ranged between 0 and 20 minutes depending 

on the conditions of the experiment. 

 

It was found that slides that had been cleaned using the JTB1-1-1 process were more likely to 

have good adhesion with the polymer than slides that had been cleaned with alcohol, acetone, 

or common soap.  It was also found that the acrylic was more likely to adhere to soda lime 

glass than quartz, contrary to expectations.  A possible explanation is the difference in the 

coefficient of thermal expansion for the two glasses.  While the much lower thermal 

expansion of quartz might be an advantage in an optical application, this reduced ability to 

change with the temperature may have caused the interfacial stresses to be too high for 

adhesion to occur.  The quartz was also more brittle and more subject to thermal shock, and 

thus was much more likely to shatter in the mold especially around the sprue where initial 

injection occurred. 

 

The best adhesion occurred in a lens that was left in the mold overnight.  After injection, the 

mold remained closed and maintained temperature for 1 hour.  The mold was then allowed to 

cool slowly to room temperature and then to sit overnight.  Though it appeared that the 

polymer was fully adhered to the substrate when the mold was opened, the lens stuck to the 

mold on the end opposite the sprue and was torn from the glass for some length during 

removal of the part from the mold.  The remaining area of adhesion was approximately 5 

cm2.  A shear test was attempted on this lens by grasping the glass substrate in the rubber 

coated jaws of a vise.  The polymer was then pulled by a hand-held force gauge.  The force 

reached 7N, and a stress of 15 KPa and then the polymer broke, leaving nothing on which to 
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pull.  The polymer remained firmly attached to the glass, and has remained that way for 

many weeks following the test. 

 

A test was conducted to see if a lower coefficient of thermal expansion material might allow 

the polymer to adhere.  Acrylic slides were used as the substrate, and the injected polymer 

adhered to the slides completely.  This suggests that if the coefficient of thermal expansion of 

the substrate were closer to that of the polymer, adhesion might occur.  This could be done 

by using a different substrate or by using a different polymer with a lower glass transition 

temperature. 

4.3 Summary of Substrate Co-Molding 

Mold components and tools were designed to allow the co-molding of polymer meso and 

micro optics directly onto thermally stable substrates.  Soda lime and quartz glass slides were 

selected as transparent substrates for the testing due to their low coefficient of thermal 

expansion, elastic strength, and availability.  These substrates were cleaned using the JTB1-

1-1 process developed for the integrated circuit industry.  The slides were then coated with a 

silane solution and baked.  Shortly after baking, the slides were inserted into the molding 

machine and polymer was injected onto one side of the substrates.  The slide and co-molded 

polymer lens were then removed from the mold using a specially designed tool and allowed 

to cool to room temperature.  As they cooled, most of the co-molded optics separated from 

the substrates across the majority of their area, even though stress calculations and other 

researchers’ experience with silane coating suggested that the lenses should maintain 

adhesion.  Several additional methods were attempted including coating the surfaces with 
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KOH solution to terminate the surface in hydroxyls before silane coating, and cleaning the 

surfaces with different processes.  These typically did not improve the adhesion, and usually 

worsened the adhesion of the polymer to glass. 

 

The best adhesion was obtained by injecting the polymer onto the glass and then allowing the 

polymer to cool slowly in the mold for 10 hours.  This method appeared to leave the polymer 

fully adhered to the glass slide, however, some of the polymer stuck to the mold and was torn 

from the substrate as the co-molded optic was removed from the mold.  Shear tests on this 

optic found the adhesion to be stronger than the lens, with the lens tearing before the 

adhesion was broken.  This experiment suggests that longer and more controlled cooling 

times would promote adhesion between the optic and the substrate. 

 

In the co-molding experiments, slides cleaned by the JTB1-1-1 process were more likely to 

have polymer adhere than slides that had been cleaned by other methods, or not cleaned at 

all.  Soda lime glass slides were more likely to have polymer adhere than fused silica slides.  

Slides that had been coated with M8550 silane solution were also more likely to have 

adhesion occur than slides that were not coated with an adhesion promoter. 

 

It is proposed that the adhesion of polymer to substrates is still feasible and usable.  Some 

possible solutions would be substrates with coefficients of thermal expansion that were closer 

to the polymer in order to create lower stress.  Alternatively, polymer with a lower melting 

temperature such as low density polyethylene could be used.  The chemistry involved in 

creating the silane solution involves very small amounts and could be done with greater 
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accuracy given better chemistry facilities and experience.  Also, a means of having the 

polymer not stick to the silane when there was a large difference in temperature, but adhering 

when there was a small temperature difference might allow the optic to adhere with minimal 

stress and then maintain its attachment through the operating temperature cycles.  This would 

most likely be a chemistry solution outside the expertise of these researchers.   



5 Conclusions 

The objectives of this research were twofold.  The first objective was to investigate the 

injection molding process for the replication of meso and micro optics.  This investigation 

included learning about the injection molding process, its abilities to replicate small features 

in thin lenses, and its limitations.  This objective also included the development of an 

understanding between the molding factors and their effects on the replication of meso and 

micro optics.  This understanding was developed through experiments and statistical 

analysis. 

 

The second objective was the development of methods of co-molding polymer optics onto 

thermally stable substrates.  This objective required investigation into mold design, surface 

chemistry, and the science of adhesion.   

 

In the quest to complete these two objectives, many important items were learned, many 

mysteries unearthed, and many hours spent experimenting and pondering the results and 

implications.  In all, 15,821 lenses were produced on the Nissei HM-7 in the course of this 

work with a few hundred more having been produced on the Van Dorn 75.  So, with 16,000 

lenses of optical injection molding experience and research, here are the conclusions of this 

research.  

5.1 Injection Molding Process Conclusions 

• The research into the injection molding process showed that the process is quite 

capable of replicating meso and micro optics in large production volumes and at a 
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high speed.  The lenses for this research were generally created with cycle times 

under 3 seconds.   

• A molding system was designed and built for use in a Nissei HM-7 injection molding 

machine.  The mold system included mold bases, mold plates with thermal control 

abilities, and diamond turned mold inserts.  The inserts included a removable hard 

copper insert that contained all of the optical mold features.  These features were 

created with very little error making it possible to easily measure the fidelity of 

replicated features.  The mold components also included an ejector system including 

a sprue puller that allowed automatic molding of polymer lenses. 

• Feature sizes for this research ranged from the 7mm diameter of the spherical and 

Fresnel lenses to the 10µm step width of the blaze grating.  Feature depths as deep as 

600µm and as shallow as 13nm were replicated during the course of the experiment.   

• Optics with 200µm step heights were replicated with only a 0.9% error and the 1.2µm 

step heights were replicated with as little as 6.9% error.   

• The spherical lens and Fresnel lens were replicated with optical geometry errors less 

than 1 wave and reached levels as low as 0.1 waves.   

• In addition to the shape measurements, the optical power transmission of the 

spherical lens reached levels as high as 90% of the open aperture power. 

• Several polymers were shown to have the characteristics required for the replication 

of meso and micro optics. 
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5.2 Molding Factors and Effects Conclusions 

• The experiment studying the effects of injection molding factors on the replication of 

meso and micro lenses showed that several factors had statistically significant effects 

on error measurements of replicated lenses.   

• Screw rotation speed and the mold temperature were found to have the largest effect 

on meso and micro optic replication.  Nozzle temperature, injection speed, hold time, 

hold pressure, and mold position (orientation) were also shown to have statistically 

significant effects, though of smaller magnitude than the screw rotation speed and 

mold temperature.  Injection pressure and cooling time were not found to have 

statistically significant effects on the replication of meso and micro optics. 

• Mold temperature had a very strong effect on the replication of the blaze error and the 

ability of the polymer to fill 1.2µm deep, sharp cornered grating lines.  It is proposed 

that the very small features require that the onset of a “skin” layer be delayed for as 

long as possible allowing the polymer to fill these small features.  The high mold 

temperature helps to keep the polymer in the molten state as long as possible during 

injection. 

• The screw rotation speed had a significant effect on many of the measurements of the 

Fresnel lens as well as the measurements of the spherical lens.  For the Fresnel lens 

residual RMS, residual PV, spherical aberration, and astigmatism were all found to be 

affected by the screw rotation speed.  For the spherical lens, the sphere power 

transmission, usability, and the related position at which the best measurement was 

found (an indication of the accuracy of the radius of the replicated lens) were found to 

be significantly affected by the screw rotation speed.  Higher screw rotation speeds 
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primarily increase the shear rate of the polymer along the plasticizing screw causing 

the viscosity of the polymer to be quite low when injection occurs.  The low viscosity 

flows into the mold features easily and adopts the shape of the feature without 

retaining significant residual flow shape. 

• The results of the screening design of experiment were shown to have surprising 

agreement as to the preferred factor value for best feature replication.  For each error 

measurement that had significant correlation with a molding factor, one of the two 

factor values, either the high or low, produced less error in the replicated optics.  

When this information was compared for all of the optical measurements and for all 

of the molding factors, it was found that there was agreement about which value for 

each factor was better.  So, for example, both the spherical lens usability and the 

Fresnel lens spherical aberration had less error when the screw rotation speed was 

high.  

• The measurements of the features showed that meso and micro optics could be 

replicated through injection molding with very little error.  It is also expected that the 

lowest possible errors would be lower than those found in this research.  This is 

because of the use of the extreme high and low values for each factor used in the 

screening design of experiment.  While this is the best way to find trends in a 

screening experiment, it is expected that the optimum value for any feature would lie 

somewhere in between the extremes, so lenses with even less error could be molded 

with further experimentation. 
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5.3 Substrate Co-Molding Conclusions 

• Special mold components were designed and built that allowed the use of brittle 

substrates directly in the mold of the injection molding machine.  The use of 

substrates presented a number of challenges including the need to mold with the 

optical mold features on the fixed side of the mold.  The design of the molds allowed 

parts to be molded with no substrates to thermally equilibrate the machine and then 

allowed substrates to be used at any time with no changes to the mold components or 

process parameters. 

• Thermal stress analysis predicts that co-molding of thin polymer optics onto 

thermally stable substrates is possible with stresses remaining well below the ultimate 

strengths of the polymer material.  However, the strength of the adhesion between the 

polymer and glass, or between the polymer and the surface modifier, are unknown 

and could be a source of weakness in the bond. 

• Several substrate materials were selected and used in co-molding experiments.  Co-

molded PMMA was found to be more likely to adhere to soda lime glass than to fused 

silica (quartz) glass as judged by the length of time that the bond held.  It seems that 

the lower coefficient of thermal expansion found in the fused silica reduces the 

thermal stresses at the interface significantly enough to be seen in the experiments.  

Also, the brittleness of the fused silica was found to cause problems as it was much 

more likely to shatter when polymer was injected into the mold. 

• The substrates were cleaned in preparation for coating and co-molding using a 

number of different techniques.  It was found that JTB1-1-1 was the most successful 

method for the preparation of glass slides that either were or were not going to be 
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coated with a silane surface modifier.  This success was determined by an increase in 

the length of time that the adhesion between the polymer and substrate remained 

intact. 

• An organofunctional silane surface modifier was selected and utilized to promote 

adhesion between the organic polymer and the inorganic glass substrate.  The silane 

was found to promote adhesion and to cause the bond to last longer, though it did not 

perform nearly as well as advertised.  Possible problems could have been due to 

inaccuracies in measuring and mixing the solution, and in the purity of the other 

chemicals used in the mixture. 

• A low concentration solution of KOH was used in some experiments to terminate the 

cleaned substrate surface with hydroxyls.  This technique did not work at all, but 

instead coated the surface with a white residue that prevented anything from adhering 

to the surface. 

• The best success in co-molding was found when polymer was injected onto a part and 

then allowed to reside in the mold overnight.  This caused the part to take many hours 

to reach thermal equilibrium with the room.  This part is firmly adhered to the soda 

lime substrate and would not come off the substrate in a shear test.  

• Most of the co-molded optics separated from the substrates within 30 minutes of 

molding.  The stress due to the thermal change was too high for the strength of the 

adhesion between the substrate, silane surface modifier, and polymer.  
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5.4 Application of Research Conclusions 

From the conclusions, it can be seen that meso and micro optical features can be successfully 

replicated in high production volume and at high replication accuracy.  Applications in which 

these optics can be used include any system the needs refractive/diffractive optics for 

aberration correction.  The optics can be molded in this manner, or diffractive features can be 

co-molded onto the surface of ground and polished glass optics.  The intention of co-molding 

waveguides on electrical circuit boards is not lost, but still needs some developmental work. 

5.5 Further Study 

Further extensions of the factor and effects study would be to try the study again using a 

different polymer and to relate the differences to the material properties of the two polymers.  

If possible, a predictive theory would help greatly in the planning of new optics molding 

projects.  Additional study could also show the best possible values for the factors and 

measurements used in this report.  This would be useful for determining the absolute limit of 

the ability of injection molding to replicate meso and micro optical features. 

 

There are several areas of further study for the co-molding of polymer onto glass substrates.  

It would be good to try other types of polymer that had lower glass transition temperatures so 

that the stress at the polymer/glass interface would be lower.  If the facilities were available, 

it would be interesting to try a polymer that had an adhesion promoter mixed into the 

polymer stock as many UV photopolymers do.  More study into the application of silane 

surface modifiers and the chemistry necessary to make them work better would be very 

useful in the co-molding of optics on substrates.  Other substrates could be used including 
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 164 

phenolic circuit boards and silicon wafers.  This application to other materials would be the 

next step in applying the optics replication and co-molding technology to computer and 

optical communication. 
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A.  Factor Leverage Plots from Design of Experiment 

 

Figure A-1  Leverage Plots of Mold Position Factor from Design of Experiment 

 

 

Figure A-2  Leverage Plots of Nozzle Temperature Factor from Design of Experiment 

 

170 



 

 

Figure A-3  Leverage Plots of Injection Pressure Factor from Design of Experiment 
 

 

Figure A-4  Leverage Plots of Injection Speed Factor from Design of Experiment 
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Figure A-5  Leverage Plots of Mold Temperature Factor from Design of Experiment 
  

 

 

Figure A-6  Leverage Plots of Cooling Time Factor from Design of Experiment 
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Figure A-7  Leverage Plots of Hold Time Factor from Design of Experiment 
 

 

Figure A-8  Leverage Plots of Hold Pressure Factor from Design of Experiment 
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Figure A-9  Leverage Plots of Screw Rotation Factor from Design of Experiment
 

 

Figure A-10  Leverage Plots for Power Transmission Measurement  
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B.  Data Sheets for Nissei HM-7 Injection Molding Machine and Polymer Used 
in the Experiments 
 

 

Figure B-1  Nissei HM7-C Injection Molding Machine Specifications 
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Figure B-2  Product Data Sheet for Nova Chemicals Verex 1301 Polystyrene 
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Figure B-3  Product Data Sheet for Nova Chemicals Verex 1301 Polystyrene (continued) 
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Figure B-4  Product Data Sheet for Atohaas Plexiglass VLD Acrylic 
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Figure B-5  Response of Refractive Index to Temperature for Atohaas Plexiglas VLD 

Acrylic 

 
Figure B-6  Response of Refractive Index to Wavelength of Light for Atohaas Plexiglas 

VLD Acrylic 
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C.  Mold Drawings, Dimensions, and Haas V-1 G-Code Programs Used to 

Manufacture Mold Components 

The dimensioned drawings below and the G-code part programs that follow do not present 

the entire mold system, but only the items that are likely to wear or need to be replaced.   

 

Figure C-1  Model of Mold System Showing Moving Side on Left and Fixed Side on Right 

 

Figure C-2  Model of Mold System Showing Moving Side on Left and Fixed Side on Right 
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Figure C-3  Fixed Side of Mold Shown in (a) Assembled and (b) Exploded Views 

The Mold Components Are (left to right) Aluminum Mold Insert (Purple), Copper Mold 

Insert (Peach), Fixed Mold Plate (Mustard), and Fixed Mold Platen (Aqua) 

 

 

Figure C-4  Moving Side of Mold Shown in (a) Assembled and (b) Exploded Views 

The Mold Components Are (left to right) Moving Mold Platen (Aqua), Mold Base Uprights 

(Brown), Mold Base Face Plate (Blue), Moving Mold Plate (Mustard), and Aluminum Mold 

Insert (Purple) 
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Figure C-5  Detail Drawing of Moving Side Aluminum Mold Insert 
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Figure C-6  Detail Drawing of Moving Side Mold Plate 
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Figure C-7  Detail Drawing of Moving Mold Base Face Plate 
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Figure C-8  Detail Drawing of Moving Side Mold Base Upright 
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Figure C-9  Detail Drawing of Fixed Side Aluminum Mold Insert 
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Figure C-10  Detail Drawing of Fixed Side Mold Base Plate
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Y-45.0 The following programs were created for 
producing some of the above parts on the 
Haas V-1 vertical milling machine.  The 
programs included are for the mold plates 
and inserts that may need to be replaced 
more often due to wear, cooling channel 
corrosion, and connector breakage.   

Y-61.0 
X41.5 
X47.5 
X53.5 
X90.0 
Y-45.0 
Y-29.0  
X53.5 Program o3565 – Front Side of Moving 

Mold Plate – C-1018 Steel X47.5 
X41.5 % 
G80 (MPlate-Moving-Front R4.3 NoAir) 
Z10.0 (Program o3565) 
(FINISHED) (T1-) 
G00 X-100.0 Y100.0 Z250.0 (T2-Center Drill, T3-) 
M30 (T4-5.0mm drill, T5-Fly Cutter) 
% (T6-#4-40 Tap Drill, T7-) 
 (MUST BE >5mm PROUD OF VISE!!!) 
Program o3566 Fixed Side Mold Plate – 
C-1018 Steel 

(Zero is NW corner, top surf of setup) 
(Stock size 90x95x13) 
(Center Drill 4-40 Holes) % 
T2 M06 (MPlate-Fxd-Frt R4.3 NoAir) 
G43 H02 (Program o3566) 
G00 G90 G54 G21 S1000 M03 (T1- 1/2" HSS End Mill) 
X5.0 Y-29.0 (T2-Center Drill, T3-) 
Z5.0 M08 (T4-, T5-Fly Cutter) 
G82 Z-0.05 F200.0 R2.0 P300 (T6-#43 4-40 tap drill ,T7-) 
Y-45.0 (MUST BE >5mm PROUD OF VISE!!!) 
Y-61.0 (ZERO is NW corner, top surf of setup) 
X41.5 (Stock size 90x95x13) 
X47.5 (Center Drill 4-40 Holes) 
X53.5 T2 M06 
X90.0 G43 H02 
Y-45.0 G00 G90 G54 G21 S1000 M03 
Y-29.0 X5.0 Y-29.0 
X53.5 Z5.0 M08 
X47.5 G82 Z-0.10 F200.0 R2.0 P300 
X41.5 Y-45.0 
(Drill 4-40mm Tap Holes Thru) Y-61.0 
T6 M06 X41.5 
G43 H06 X47.5 
S655 M03 X53.5 
X5.0 Y-29.0 X90.0 
Z5.0 M08 Y-45.0 
G83 Z-20.0 F75.0 R5.0 Q1.0 Y-29.0 
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Y-56.5 X53.5 
X-25.0 X47.5 
(pass 4) X41.5 
X-25.0 Y-33.5 (Drill 4.40mm Tap) 
Z-4.0 (Holes Thru) 
X120.0 T6 M06 
Y-56.5 G43 H06 
X-25.0 S655 M03 
Z10.0 X5.0 Y-29.0 
(FINISHED FLY CUTTING) Z5.0 M08 
G00 X-100.0 Y100.0 Z250.0 G83 Z-15.0 F75.0 R5.0 Q1.0 
M30 Y-45.0 
% Y-61.0 

X41.5 
Program o3573 – Moving Side 
Aluminum Insert R5.1 - Back 

X47.5 
X53.5 
X90.0 % 
Y-45.0 (Insert-Moving-Back-R5.1) 
Y-29.0 (Program o3573) 
X53.5 (Modified 12/11/01) 
X47.5 (T1-Edge Finder) 
X41.5 (T2-Center Drill, T3-) 
G80 (T4-#32 4-40 clr.drill, T5-Fly Cutter) 
(Fly Cut Back-Slot 4mm Dp) (T6-, T7-) 
T5 M06 (MUST BE >2mm PROUD OF VISE!!!) 
G43 H05 (Zero is SW corner, top surf of setup) 
S2900 M03 (Stock size 40x95x1/4" Alum) 
(pass 1) (Center Drill 4-40 Holes) 
G00 X-25.0 Y-33.5 T2 M06 
Z5.0 G43 H02 
G01 F660.4 Z0.0 G00 G90 G54 G21 S1000 M03 
Z-1.2 X5.0 Y4.0 
X120.0 Z5.0 M08 
Y-56.5 G82 Z-0.05 F200.0 R2.0 P300 
X-25.0 Y20.0 
(pass 2) Y36.0 
X-25.0 Y-33.5 X41.5 
Z-2.4 X47.5 
X120.0 X53.5 
Y-56.5 X90.0 
X-25.0 Y20.0 
(pass 3) Y4.0 
X-25.0 Y-33.5 X53.5 
Z-3.6 X47.5 
X120.0 X41.5 

 
189 



M30 G80 
% (Drill 4-40 Clearance) 
 (Holes Almost Thru) 
Program o3574 – Moving Side Aluminum 
Insert R5.1 - Front 

T4 M06 
G43 H04 
S6834 M03 % 
X5.0 Y4.0 (Insert-Moving-Front R5.1) 
Z5.0 M08 (Program o3574) 
G83 Z-6.0 F500.0 R5.0 Q1.0 (Modified 12/11/01) 
Y20.0 (T1-) 
Y36.0 (T2-Center Drill, T3-1/2" End Mill Carb.) 
X41.5 (T4-, T5-Fly Cutter) 
X47.5 (T6-, T7-#11 Drill) 
X53.5 (MUST BE >2mm PROUD OF VISE!!!) 
X90.0 (Zero is NW corner, top surf of setup) 
Y20.0 (Stock size 40x95x1/4" Alum) 
Y4.0 (Centerdrill 4-40 Holes) 
X53.5 T2 M06 
X47.5 G43 H02 
X41.5 G00 G90 G54 G21 S1000 M03 
G80 X5.0 Y-4.0 
(Fly Cut Back-0.075mm Dp) Z5.0 M08 
T5 M06 G82 Z-0.05 F200.0 R2.0 P300 
G43 H05 Y-20.0 
S5800 M03 Y-36.0 
(pass 1) X41.5 
G00 X-25.0 Y10.0 X47.5 
Z5.0 X53.5 
G01 F1473.0 Z0.0 X90.0 
Z-0.075 Y-20.0 
X120.0 Y-4.0 
Y30.0 X53.5 
X-25.0 X47.5 
Z10.0 X41.5 
(FINISHED FLY CUTTING) G80 
(Center Drill Middle for Ejector) Z5.0 
T2 M06 (Center Drill Sprue Hole) 
G43 H02 G00 X47.5 Y-20.0 
G00 S1000 M03 G82 Z-0.1 F200.0 R2.0 P300 
X47.5 Y20.0 G80 
Z5.0 M08 Z5.0 
G82 Z-0.25 F200.0 R2.0 P300 (Center Drill Glass Holder Pins) 
G80 G00 X83.0 Y-5.7125 
Z10.0 G82 Z-0.25 F200.0 R2.0 P300 
G00 X-100.0 Y100.0 Z250.0 X37.5 
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% G80 
 G00 Z10.0 
Program o3575 – Fixed Side Aluminum 
Insert R5.1 – Back 

(Countersink 4-40 Holes) 
T7 M06 
G43 H07 % 
S4552 M03 (Insert-Fixed-Back R5.1) 
G00 X5.0 Y-4.0 (Program o3575) 
Z5.0 M08 (Modified 12/11/01) 
G83 Z-4.7 F200.0 R2.0 Q1.0 (New Cu Insert Hole) 
Y-20.0 (T1-Edge Finder) 
Y-36.0 (T2-Center Drill, T3-1/2" EndMill Carb.) 
X41.5 (T4-#32 4-40 clr.drill, T5-Fly Cutter) 
X47.5 (T6-1/8" HSS Mill, T7-) 
X53.5 (MUST BE >2mm PROUD OF VISE!!!) 
X90.0 (Zero is SW corner, top surf of setup) 
Y-20.0 (Stock size 40x95x1/4" Alum) 
Y-4.0 (Center Drill 4-40 Holes) 
X53.5 T2 M06 
X47.5 G43 H02 
X41.5 G00 G90 G54 G21 S1000 M03 
G80 X5.0 Y4.0 
Z5.0 Z5.0 M08 
(Fly Cut Face-0.075mm Dp) G82 Z-0.05 F200.0 R2.0 P300 
T5 M06 Y20.0 
G43 H05 Y36.0 
S5800 M03 X41.5 
G00 X-25.0 Y-10.0 M08 X47.5 
Z5.0 X53.5 
G01 F1473.0 Z0.0 X90.0 
Z-0.075 Y20.0 
X120.0 Y4.0 
Y-30.0 X53.5 
X-25.0 X47.5 
Z10.0 X41.5 
(Center Drill Middle for Ejector/Sprue) G80 
T2 M06 (Drill 4-40 Clearance) 
G43 H02 (Holes Almost Thru) 
G00 S1000 M03 T4 M06 
X47.5 Y-20.0 G43 H04 
Z5.0 M08 S6834 M03 
G82 Z-0.08 F200.0 R2.0 P300 X5.0 Y4.0 
G80 Z5.0 M08 
Z10.0 G83 Z-6.0 F500.0 R5.0 Q1.0 
G00 X-100.0 Y100.0 Z250.0 Y20.0 
M30 Y36.0 
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G02 I8.55 X41.5 
(Final Skim Cut) X47.5 
(100um in x & z) X53.5 
G01 F100.0 X15.35 Z-3.9 X90.0 
G02 F300.0 I8.65  Y20.0 
G01 Z5.0 Y4.0 
(Cut Nozzle Hole to 2.0 Dp) X53.5 
(Use 1/8" mill to 2.0mm Dp) X47.5 
(7mm Dia.) X41.5 
T6 M06 G80 
G43 H06 (Cut Nozzle Hole 2.0 Dp) 
S6026 M03 (Use 1/2" mill to 1mm Dp) 
G00 X47.5 Y20.0 (27.70 dia) 
Z5.0 M08 T3 M06 
G01 F50.0 Z-1.25 G43 H03 
Z-0.75 S5661 M03 
Z-1.50 G00 X47.5 Y20.0 
Z-0.75 Z5.0 M08 
Z-1.75 G01 F100.0 Z-1.0 
Z-0.75 G01 F300.0 X46.35 
Z-2.0 G02 I1.15 
G01 F50.0 X45.5875 G01 Z5.0 
G02 I1.9125 (Cut Cu Insert Hole 3.9 Dp) 
G01 Z5.0 (Will be 3.825 Dp after Flycut) 
(Center Drill Middle for Sprue) (Will req. 125um shims in mold) 
T2 M06 (30mm dia, center x24.0 y20.0) 
G43 H02 G00 X24.0 Y20.0 
G00 S1000 M03 (Pass 1) 
X47.5 Y20.0 G01 F100.0 Z-1.0 
Z5.0 M08 G01 F300.0 X15.45 
G82 Z-2.1 F200.0 R2.0 P300 G02 I8.55 
G80 G01 F300.0 X24.0 
Z10.0 (Pass 2) 
(Fly Cut Back-0.075mm Dp) G01 F100.0 Z-2.0 
T5 M06 G01 F300.0 X15.45 
G43 H05 G02 I8.55 
S5800 M03 G01 F300.0 X24.0 
(pass 1) (Pass 3) 
G00 X-25.0 Y10.0 G01 F100.0 Z-3.0 
Z5.0 G01 F300.0 X15.45 
G01 F1473.0 Z0.0 G02 I8.55 
Z-0.075 G01 F300.0 X24.0 
X120.0 (Pass 3) 
Y30.0 G01 F100.0 Z-3.8 
X-25.0 G01 F300.0 X15.45 
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X57.5 Z10.0 
G80 (FINISHED FLY CUTTING) 
Z10.0 G00 X-100.0 Y100.0 Z250.0 
(Countersink 4-40 Holes) M30 
T7 M06 % 
G43 H07  
S4552 M03 Program o3575 – Fixed Side Aluminum 

Insert R5.1 – Back G00 X5.0 Y-4.0 
Z5.0 M08 % 
G83 Z-4.7 F200.0 R2.0 Q1.0 (Insert-Fixed-Front R5.1) 
Y-20.0 (Program o3576) 
Y-36.0 (modified 12/11/01) 
X41.5 (New Cu Insert Hole) 
X47.5 (7mm thick alum stock) 
X53.5 (Incl Glass peg holes) 
X90.0 (and clear for swing arm) 
Y-20.0 (T1-) 
Y-4.0 (T2-Center Drill, T3-1/2" End Mill Carb.) 
X53.5 (T4-, T5-Fly Cutter) 
X47.5 (T6-, T7-#11 Drill) 
X41.5 (MUST BE >2mm PROUD OF VISE!!!) 
G80 (Zero is NW corner, top surf of setup) 
Z5.0 (Stock size 40x95x1/4" Alum) 
(Mill Cu Insert Hole w 1/2" Mill) (Centerdrill 4-40 Holes) 
(20mm dia., cntr=x24.0 y-20.0) T2 M06 
(At least 4.0 dp thru) G43 H02 
T3 M06 G00 G90 G54 G21 S1000 M03 
G43 H03 X5.0 Y-4.0 
S5661 M03 Z5.0 M08 
G00 X24.0 Y-20.0 G82 Z-0.05 F200.0 R2.0 P300 
Z5.0 M08 Y-20.0 
(Pass 1) Y-36.0 
G01 F100.0 Z-1.0 X41.5 
G01 X20.45 X47.5 
G02 F300.0 I3.55 X53.5 
(Pass 2) X90.0 
G01 F100.0 Z-2.0 Y-20.0 
G01 X20.45 Y-4.0 
G02 F300.0 I3.55 X53.5 
(Pass 3) X47.5 
G01 F100.0 Z-3.0 X41.5 
G01 X20.45 G80 
G02 F300.0 I3.55 (Center Drill Pins for GlassHold) 
(Pass 3) G00 X12.0 Y-5.7125 
G01 F100.0 Z-4.1 G82 Z-0.25 F200.0 R2.0 P300 
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G01 X20.45 
G02 F300.0 I3.55 
(Final Pass) 
G01 X20.35 
G02 F300.0 I3.65 
G01 Z5.0 
(Mill Swing Arm Clearance) 
(Depth=-1.85mm if possible) 
G00 X33.5 Y-55.0 
G01 F100.0 Z-1.0 
Y-39.05 
Z1.0 
(Pass 2) 
Y-55.0 
Z-1.85 
Y-39.05 
Z5.0 
(Fly Cut Face-0.09mm Dp) 
T5 M06 
G43 H05 
S5800 M03 
G00 X-25.0 Y-10.0 M08 
Z5.0 
G01 F1473.0 Z0.0 
Z-0.09 
X120.0 
Y-30.0 
X-25.0 
Z10.0 
G00 X-100.0 Y100.0 Z250.0 
M30 
% 
 



D.  Injection Molding Machine Modifications 

In the course of using the injection molding machine, it became evident that the wetness of 

the polymer needed to be better controlled.  A polymer drying system was fabricated as 

shown in Figure D-1.  Compressed air passes through a lock out capable shut off valve and 

into a pressure regulator.  The air is then sent through a pre filter to remove any oil and liquid 

water from the air stream.  From the pre filter, the air is directed into one of two columns of a 

desiccant dryer.  The air is dried as it passes trough this column and most of the dry air is 

then sent to the after-filter where any desiccant residue is removed before the air continues 

into the polymer hopper of the injection molding machine.  A small portion of the dry air is 

directed back into the second column of the desiccant dryer where it recharges the column.  

An electronic timer swaps the drying column with the recharging column every 2 minutes.  

  

 

Figure D-1  Schematic and Photograph of Dual Column Desiccant System for Drying of  
Polymer 
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E. Data Tables for the Figures in This Text and From the Experiments 

Table E-1  Spherical Lens Error in the Mold and Replicated Lenses - See Figure 3-24 

Measurement Spherical Lens 
Mold Error 

Replicated 
Lens Error Percent 

Astigmatism 0.028 .368 7.6% 
Coma .047 .232 20.3% 
Spherical Aberration .370 .053 -- 
PV Sph. Residual .152 .691 22.0% 
RMS Sph. Residual .021 .127 16.5% 

 
 

Table E-2  Spherical Lens Error in the Mold and Replicated Lenses - See Figure 3-27 

Measurement Fresnel Lens 
Mold Error 

Replicated 
Lens Error Percent 

Astigmatism 0.068 .447 15.2% 
Coma .006 .187 3.2% 
Spherical Aberration .162 1.510 10.7% 
PV Sph. Residual .174 0.448 38.8% 
RMS Sph. Residual .019 .075 25.3% 

 
 

Table E-3  Molding Process Repeatability vs. GPI Interferometer Measurement 
Repeatability - See Figure 3-28 

 Astigmatism Coma Spherical 
Aberration. 

PV Sphere 
Residual 

RMS Sphere 
Residual 

Part 13 Ave. 2.639 0.434 -3.813 1.987 0.386 
Part 13b Ave. 2.564 0.632 -2.102 1.797 0.353 
GPI Std. Dev. 0.031 0.056 0.085 0.070 0.008 
GPI % of 13 1.2% 12.9% 2.2% 3.5% 2.2% 
GPI % of 13b 1.2% 8.9% 4.1% 3.9% 2.4% 

 
 

 
196 



Table E-4  Data Table for 1/p Values from Factors and Effects Experiment Figure 3-45 
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Table E-5  Averages of Replication Errors for Each Treatment – Used in Statistical Analysis 
of Factors and Effects for the Wedding Cake, Blaze Grating, and Fresnel Lens 
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Table E-6  Averages of Replication Errors for Each Treatment – Used in Statistical Analysis 
of Factors and Effects for the Spherical Lens 
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Table E-7  Measurement Values for "A" Parts from All 32 Treatments 
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Table E-8  Measurement Values for "C" Parts from All 32 Treatments 
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Table E-9  Measurement Values for "E" Parts from All 32 Treatments 
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