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Graduate Report #1 – Synopsis of a Technical Report

Synopsis of “Specifying glass and plastic optics – what’s the difference?” by John D. Lytle
Introduction

Using plastics as materials in optics have many advantages for optical designers.  Not only are plastics lighter and more cost effective than common optical glasses, they can produce optical elements that were once considered extremely difficult or impossible to manufacture.  Complicated aspheres, elements with internal facets, and elements with included mechanical features are not just possible using molded plastics, they are also relatively straight forward to manufacture and are highly repeatable.  This is not to say that plastics should replace use of optical glasses, however.  In certain circumstances, optical glasses are a much better material choice.  Plastics are softer, more compressible, and have larger thermal expansion coefficients than optical glasses.  This paper outlines key differences between plastic and glass optics.  
Key Results

Material Properties

Optical properties of plastics tend not to be as desirable as optical glasses because of their lack of variability from one plastic material to another.  For example, most optical plastics have refractive indices in the range of 1.45 to 1.65, and there are virtually no high-index polymers.  However, crown-flint achromatization is possible using plastic materials even though individual element powers tend to be high due to small index variations.  Figure 1 shows a comparison of refractive index vs. abbe number for the most common plastic materials at the time this paper was written (1979).  
Thermal properties of plastics vary greatly from their glass counterparts.  Thermal expansion coefficients (CTE) of most optical plastics are roughly an order of magnitude higher than optical glasses.  For plastics, CTE ranges from about 3e-5 to 13e-5 cm/cm/°C, whereas glasses typically range from 0.4 to 1.6e-5 cm/cm/°C.  Thermal conductivity for plastics is low and generally ranges from 2.4e-4 to 6e-4 Cal/sec/cm2/°C/cm.  Optical glasses range from 13e-4 to 26e-4 Cal/sec/cm2/°C/cm.  Deformations in optical elements are proportional to the ratio of CTE to thermal conductivity.  Therefore, plastic optical materials are more thermally sensitive than optical glasses.  
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Figure 1: refractive index vs. Abbe number for common optical plastics1
Mechanical properties of plastics also differ greatly from common optical glasses.  The density of plastics range from about 0.85 to 1.2 g/cm3, whereas glass ranges from about 2.3 to 6.3 g/cm3.  This makes optical plastics sufficiently lighter than glass.  There are also significant differences in elastic modulus and compressibility, which depending on the environment, can be good or bad.  For example, plastic optics are a better solution than glass in environments where the optics will have to withstand shock forces such as in riflescopes mounted on guns.  
Error Budget Distribution
Because of the intrinsic high repeatability of the molding process, error budgets for optical plastics are different than for glass.  For example, if machinery is set up and working correctly, all elements made from a single cavity will diverge from the nominal value by an equal amount and have the same characteristics.  Variances for molded plastic optics are around a tenth of a percent.  If parameters of the plastic optics are off of the nominal value by too large a margin, the mold or molding procedure can be recalibrated to correct it.  However, with glass optics, this is not the case.  Because of the way glass optics are manufactured and the inclusion of a human decision making process, variations in element parameters are much larger and more difficult to correct.  Due to high consistency in the molding process, little of the error budget needs to be allocated to errors and variations of production parameters for plastic optics.    
Conventional specification techniques for radii and surface irregularity for glass optics differ from those in plastic optics.  Each glass part is inspected, which makes costs much higher.  However, the high repeatability and consistency of plastic lens molding only requires spot checking.  Using test plates (generally used to determine surface figure irregularities for glass elements) is generally not a good option for testing plastic optics.  Test plates can easily damage plastic surfaces and good contact may not even be achievable if the plastic parts are non-circular or incorporate mechanical mounting features.
Centration in glass elements is usually within a 2-4 arc min range.  Plastic elements will have similar accuracy.  However, if greater accuracy is needed, plastic elements can be molded with features that can control relative orientation.  For instance, lenses can be molded with tabs to insure they are mounted in the proper orientation with respect to the other elements.
Surface imperfections, Inclusions, Quality, and Coatings

For plastic optics, surface imperfections which transfer from mold surfaces to the plastic elements usually leave all elements either accepted or rejected.  Sporadic defects on plastic optical surfaces are rare, but almost all defects in glass optics occur sporadically.  Inclusions do occur in plastic optics, but bubbles and black specs almost never occur if the molding process is stable and optimized.  Bulk scattering and surface roughness tend to be low in the best polymer materials, but they are far worse than optical glasses for other plastic optical materials.  Coating plastic optics is difficult due to poor abrasion resistance, accumulation of charged particles on the surface, and low service temperatures.  However, surface treatments to the plastic optics can make them more resistant to abrasions, and other types of surface treatments can act as anti-reflection coatings without the need for high efficiency quarter-wave stack coatings.  

Cost and Production

In general, high volume plastic optics are more cost effective than glass optics.  However, there are some cost drivers for plastic optics that designers need to take note of.  The largest cost driver in plastic optics is the thickness of the optical element.  As a rule of thumb, the center to edge thickness ratio should be 4 or greater and flat plastic surfaces should be avoided if possible.  Another cost driver in production of plastic optics is the quality control requirement.  To keep these costs lower, a designer should not over-specify plastic optics.  

Production of plastic optics is aimed at high volume production, meaning those whose yearly volume part production costs are larger than tooling costs.  Automated production lines perform all the steps of production and assembly with little to no human intervention.  However, more specialized systems produced in smaller volumes cannot validate the high cost of automated assembly systems.  For these systems, manual assembly is required.  In many of these cases, subassemblies or even complete assemblies can be produced at the molding machine, negating the need for separate assembly lines.  For example, solvent bonding, heat staking, and sonic welding can be performed at the molding machines.  

For what types of applications is this useful?

Being aware of differences and capabilities of plastic optical materials versus common optical glasses is important for optical system designers.  Plastic optics are good alternatives to glass elements in a system when cost, weight, and total volume of parts needed are driving factors of the design.  Plastics are also useful when aspheres, elements with mechanical features, etc. are needed.  However, if the system needs to be used in harsh environments or for some specialty applications, glass optics are still superior to plastic.  Some everyday items that use plastic optics include: eyeglasses, cell phone cameras, bar code scanners, DVD players, fingerprint readers, etc.    
Relationship between this paper and other similar topic papers.     
Even though this paper was written 30 years ago, many of the key results it presents are still valid today.  Over the years, more optical plastic materials have become available.  An updated ‘map’ of refractive index vs. Abbe number is shown in Figure 22.  Common optical glasses are denoted by circles and triangles, whereas optical plastics are denoted by squares.  From Figure 2, one can see that the index variation of optical plastics is still very small, making all plastic achromatic elements a challenge.  However, hybrid achromats (using one glass material and one plastic material) have increased in popularity and allow for elements to have low Petzval sums and modest power.  
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with mechanical features, computer generated holograms, ete. are needed. However, if
the system needs to be used in harsh environments or for some specialty applications,
B glass optics are still superior to plastic. Some everyday items that use plastic optics
include: eyeglasses, cell phone cameras, bar code scanners, DVD players, fingerprint
readers, etc

Relationship bedveen this paper and other similar fopic pap

B Even though this paper was written 30 years ago, many of the key results it presents are
still valid today. However, over the years, more optical plastic materials have become
available with features unknown in the scope of this paper.

REFERENCES

HEEEE
aw- s | autoshapes- \ N DO M Al £ 8 @& | & - Z- A - Sagg
Page 4 Sec 1 444 At 23 Ln7  Col 86 Engish (0.5 0¥

~ iStylesandFormatting v x

®|0|n

Formatting of selected text

Tustified

ew sty

Pick formatting to apply

Clear Formatting

Bold, Centered

Centered

Footer 1
Header 1
Heading 1 "
ading 1+ Cente
Heading 2 1
Heading 3 1
Tustified

Normal 1
Page Number H

Shaw: | Avallble formatting v

- [ 18 1nbox - M.

= oPTISZL

8. 92)5) 1% %)





Figure2: refractive index vs. Abbe number for common optical glasses and plastics2
Thermal properties in plastic optical materials have not changed dramatically over the last 30 years.  Thermo-optic coefficients are still closely matched, making it difficult to produce an athermal lens using only plastics.  However, some new polymers exist with large CTEs for production of optical housings that can counteract thermal variations in image location.  
Updates have also been made in testing plastic optical surfaces.  One of the key results Lytle found in 1979 was that test plates were not ideal for testing plastic optical surfaces like they were for glass optics.  Now, plastic optics, especially aspheres, can be tested using computer generated holograms that can generate the appropriate reference wavefronts.
Coating plastic optics presently remains a challenge.  Even though plastic optics still have the same inherent difficulties with deposition of coatings, a larger industrial need for coated plastic optics has facilitated an increase in dedicated equipment for this purpose.  Ion-assisted deposition is commonly used in industry and can deposit fairly complex stacks onto plastic surfaces with acceptable adhesion.  

Conclusion

Plastic optical materials can provide lens designers with lighter more cost effective alternatives to optical glasses.  However, the benefits of plastic optics also come at a price.  It is important for designers to be aware of the differences in the materials.    Key results and comparisons between optical glass and plastic properties are given in this synopsis.  Also, differences in determining system error budgets and testing between the two classes optical materials are outlined. Many of the advantages and disadvantages of plastic optical materials discussed in Lytle’s paper from 1979 are still valid presently.  
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