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ABSTRACT

Interest in micro-optical components for applications ranging from telecommunications to life sciences has driven
the need for accessible, low-cost fabrication techniques. Most micro-lens fabrication processes are unsuitable for
applications requiring 100% fill factor, diameters around 1 mm, and scalability to large areas with millions of
lenses. We report on a flexible, low-cost mold fabrication technique that utilizes a combination of milling and
microforging. The technique involves first performing a rough cut with a ball-end mill. Final shape and sag
height are then achieved by pressing a sphere of equal diameter into the milled divot. Using this process, we
have fabricated molds for rectangular arrays of 1-10,000 lenses with apertures of 0.25-1.6 mm, sag heights of
3-130 pm, inter-lens spacings of 0.25-2 mm, and fill factors of 0-100%. Mold profiles have roughness and figure
error of 68 nm and 354 nm, respectively, for 100% fill factor, 1 mm aperture lenses. The required forging force
was modeled as a modified open-die forging process and experimentally verified to increase nearly linearly with
surface area. The process is easily adapted to lenticular arrays. Limitations include milling machine range and
accuracy.
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1. INTRODUCTION

Miniaturization of devices and techniques to sub-millimeter scales holds much promise, including reducing cost,
increasing portability and speed of analysis, and parallelism. Optical engineering must match these device sizes to
continue to deliver, for example, sensitive, non-invasive, accurate measurement. Some instrumentation' requires
arrays of thousands of tiny high numerical aperture (NA) lenses, tightly packed with 100% fill factor (the ratio
of the active refracting area to the total contiguous area occupied by the lens array, f¢), with apertures of 1 mm
and f/#<5.

Current micro-lens array mold master manufacturing techniques include photoresist reflow,?3 laser beam
shaping of photoresist* or glass,® photothermal expansion,® ion exchange,” diamond turning, and micro-droplet
printing.® Save diamond turning, these processes can often deliver exquisite replication of 15-500 um aperture
lenses that are often limited to square close-packed (fy=m/4=78%) or approaching hexagonally close-packed
(fr=91%). Efforts to increase f; have not resulted in accurate lenses over the full aperture.® Achieving high
NA can also be challenging, as typical lens’ sags of this size are 1-20 pm. These processes can also be relatively
expensive and time consuming to implement, and are limited in area that can be patterned to ~100 millimeters.

Diamond turning, for high machine and tooling costs, can produce microlens arrays with 250 nm figure error
and 9 pum roughness over 1 mm apertures, as well as a variety of other sizes. High costs can be distributed if
the master is replicated, such as by injection molding. Limitations include the area that can be patterned, high
start up costs, and fragile tooling. Sag height can be limiting as well, as the tools would need to match the part
slope over large distances (e.g., several millimeters). In this work, we sought to develop a low cost, flexible mold
fabrication technique that could match the figure error of diamond turning.
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Figure 1. Schematic of lens array mold manufacturing process and photographs of a 100 lens array mold and molded
part. a) A blank aluminum mold is faced and polished. b) A rotating ball-end mill is used to cut an array of divots. c)
A tungsten-carbide sphere is lowered onto the surface to deform the divots to the final shape. d) The mold is used to
injection mold lens arrays, as we have done for arrays containing over 10,000 lenses.

2. METHODS

Our milling and micro-forging process is shown schematically in Fig. 1, accompanied by photographs of a 100 lens
mold and injection-molded lens array. To fabricate the lens array molds, we first face and polish an aluminum
substrate. Next, we perform a rough cut with a ball-end mill. The final shape and sag height are then achieved
by pressing a sphere of equal diameter into the milled divot. The reasoning behind the process is that the
mill determines the majority of the mold figure, and subsequent forging with a ground, polished sphere (206
nm figure error, 19 nm roughness) imparts a near perfect figure and roughness to the mold without substantial
deformation that could affect neighboring lenses in a tightly-packed array. After mold fabrication, injection
molding is performed. In practice, molds were created using titanium-nitride coated ball-end mills and tungsten-
carbide spheres. Using this process, we have fabricated molds for rectangular arrays of 1-10,000 spherical lenses
with apertures of 0.25-1.6 mm, sag heights of 3-130 pm, inter-lens spacings of 0.25-2 mm, and f; of 0-100%.

A machining center (Haas, VF-OE) was used for lens mold fabrication. The system has 5.0 um accuracy
and 2.5 um repeatability in all axes with work volume of 0.8x0.4x0.5 m?. Experiments to determine required
forging force were performed on a 90 kN hydraulic press (Devin, LP-500).

The quality of the lens molds produced with this technique was determined using two parameters: figure
error and average roughness (Ra). These two parameters were calculated from mold surface profiles measured
using a stylus profilometer (Mitutoyo, SV-3000) with a 2 pm radius tip, 1 pm lateral resolution, and 1 nm
transverse resolution. From this raw data, we implemented several algorithms to measure figure error and
surface roughness. Figure error was calculated over 80% aperture by comparing the measured surface profile to
the desired shape. By shifting the desired shape relative to the measured profile, we find the optimal fit (least
error) and compute their average absolute difference. For roughness, we first remove from the measurement low
frequency information associated with the mold’s round shape by successively fitting and subtracting 2nd7 1St,

and 01 order polynomials to measurement segments. The roughness is then calculated as the average Ra of the
series of sections.

3. THEORY

As we seek to create spherical lens impressions in an aluminum mold, theoretical modeling of the required force
was performed. We modified the open-die forging model by Kalpakjian'® to derive a new model for hemispherical
impressions on a planar substrate, assuming that the tool is much more stiff than the workpiece, as

ud
F=vrA, (1+ 52, 1
e, (1+59) o

where F' is the forging force, Yy is the flow stress of the material (= true stress at 100% true strain), A, is the
impression surface area, u is the coefficient of friction (=0.2), d is the lens aperture, and z is the forge depth.
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Figure 2. Forging force theory and experimental measurements vs. molded surface area.

z(d,R):R—\/R2—gQ, (2)

Ayd,R)=2rR>|1-Y— 2 |, (3)

A and z are given respectively by

and

where R is the lens radius of curvature. This model should predict the required force, F', to create a spherical
impression of depth, z, and diameter, d, for a range of mold materials, lens sizes and sag heights.

4. RESULTS AND DISCUSSION

Using a hydraulic press to form impressions in an aluminum 6061 substrate, we were able to compare our model
with experiment, as shown in Fig. 2. These experiments were conducted with several sphere diameters (10-25.4
mm). The results indicate that one can well predict the required forging force for typical lens sizes. For the
smallest surfaces areas, the conservative model deviates the experimental results by up to three times. Typical
lenses with 1.41 mm aperture, 2.5 mm radius of curvature, have surface area of 1.6 mm? and require 1 kN of
forging force. Our machining center (Haas VF-OE), used for this work, has 25 kN forging force capability.

Numerous molds were fabricated, measured, and analyzed as described. The results for the mold figure
error and roughness are shown in Fig. 3. For lens arrays with f;>80%, figure error decreases monotonically
with increasing mill depth (decreasing forge depth). Since the forging process does not remove material, but
plastically deforms it, the neighboring lenses in tightly packed arrays are affected by the forging process. On the
other hand, the roughness generally increases with increased mill depth. This can be attributed to the milling
tool’s roughness, which is much larger than the sphere’s 19 nm roughness.

The advantage of the combined process is clear when comparing the figure error and roughness of the lens
mold to that created by either process alone. Purely milled divots typically have 1.7 ym figure error and 300 nm
roughness, independently of f;. Purely forged divots have figure error that is dependent on f; (See Fig. 3 left),
at worse 1.8 pm for 100% f, and roughness of 31 nm independent of f;. The optimal combination results in a
figure error that is 4-5x better than either process alone, while roughness remains good at ~68 nm.

For 100% f; molds made using the optimum combination of milling and forging, measurements of injection-
molded lens arrays showed that figure error increased from 354 nm to 939 nm while roughness decreased from
68 nm to 36 nm. This is reasonable given the 1-2% linear shrinkage of polymethyl-methacrylate (PMMA) upon
cooling after molding, and corresponding attenuation of high frequency features.

We also fabricated 100% ff lens array molds with 0.25-1 mm apertures and constant radius of curvature of
2.5 mm. Roughness was independent of lens aperture, averaging 75 nm. Figure error improved as lens aperture
was reduced: 1 mm diameter, 50.5 um sag lenses had 0.35 pm figure error (See Fig. 3 left) , 0.5 mm diameter,
12.5 pm sag lenses had 0.15 um figure error, and 0.25 mm diameter, 3.1 um sag lenses had 0.11 pm figure error.
Smaller apertures are prohibited by the accuracy of the machining center and end mill tool.
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Figure 3. Figure error (left) and roughness (right) of lens array molds. All lenses have 120 pum total sag height, so
increasing milled depth implies that a larger percentage of the final figure was determined by milling. (left) As milled
depth increases, the figure error generally improves. The effect is most pronounced for fill factors >80%. (right) As milled
depth increases, the roughness increases (degrades) somewhat to a plateau, but is still small. For fill factors less than
80% forging alone has a superior combination of figure error and roughness. For 100% fill factor lens arrays, milling to
the full depth and subsequently forging to the full depth results in the best figure with reasonable roughness.

Drawbacks include required calibration of the depth of milling and forging tools, which has an inherent
uncertainty of 1 pm. Thermal expansion of the machining center can affect lens sag. In addition, elastic
“springback,” upon unloading the forge can contribute to sag errors. All combined, we measured these factors
to affect sag by, at most, 20 um. Lenses with large surface areas (e.g., >14,000 mm? each), may exceed typical
machining center force capabilities.

5. CONCLUSIONS

For lens arrays with fy>80%, the combination of milling and microforging offers great potential for the fabrication
of molds with low figure error and roughness. For such tighly-packed lens arrays varying in lens aperture from
0.25-1 mm, we have demonstrated that figure error will be <354 nm and roughness will be ~75 nm. We have
used this process to mold lens arrays containing more than 10,000 lens elements, over a 102x104 mm? area.
Should lens arrays with <80% f; be desired, forging alone can provided figure errors of <250 nm and roughness
of 31 nm. Thus, this flexible, low-cost, scalable process could supplant many other lens array manufacturing
processes that operate within this size and density range.

ACKNOWLEDGMENTS

We gratefully acknowledge the generous support of the National Science Foundation, Sandia National Labora-
tories, the MIT Biolnstrumentation Laboratory and the MIT Undergraduate Research Opportunities Program.

REFERENCES

. Morgenthaler and W. G. Thilly, Mut. Res./Fund. and Mol. Mech. of Mut. 615(1-2), pp. 28-56, 2007.
. D. Popovic, R. A. Sprague, and N. Connell, Appl. Opt. 33, p. 3547, 1994.
~K. Lee, K.-C. Lee, and S. S. Lee, J. Micromech. Microeng. 12, pp. 334-340, 2002.
. R. Jay and M. B. Stern, Opt. Eng. 33, p. 3552, 1994.

. Fritze, M. B. Stern, and P. W. Wyatt, Opt. Lett. 23, p. 141, 1998.

. F. Borelli and D. K. Morse, Appl. Opt. 27, p. 476, 1988.

. Oikawa, K. Iga, S. Misawa, and Y. Kokubun, Appl. Opt. 22, p. 441, 1983.

. L. M. et al., IEEE Photonics Tech. Lett. 9, p. 1112, 1994.

. Yang, C.-K. Chao, M.-K. Wei, and C.-P. Lin, J. Micromec. Microeng. 14, p. 1197, 1204.
. Kalpakjian and S. Schmid, Manufacturing Engineering and Technology, Prentice Hall, 2001.

O XNOo O W
IOz ZZaRN®

—_




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




