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Abstract— We report on a flexible microcamera array inspired by
natural visual systems. The camera array is a hybrid artificial visual
system that combines the large field of view (FOV) of compound eyes
together with the high resolution of mammalian eyes. The camera array
allows for maximum flexibility and instantaneous reconfigurability to
observe a wide FOV. The microcamera array takes advantage of different
fabrication techniques including 3-D printing and ultraviolet (UV) liquid
phase photopolymerization, as well as utilizing flexible polymers. The
array consists of three miniature cameras, each composed of a 1 mm?
stand-alone image sensor and a (0.9-mm-diameter microlens. The lenses
were fabricated by utilizing the surface tension of UV curable transparent
polymers on Teflon coated substrates. The structure of the array was
fabricated using 3-D printing. The miniaturized cameras were connected
by a flexible and stretchable polymer. Images from the cameras in the
array were stitched together to provide an FOV of 130°.  [2013-0242]

Index Terms— Compound eye, miniaturized camera array, liquid phase
photopolymerization, microlens, flexible electronics.

I. INTRODUCTION

ATURE has been a vital source of inspiration to many
Nresearchers in the field of optics due to the plethora of natural
visual systems [1]. The most common visual systems include the
mammalian eyes and the apposition compound eyes of insects [2].
The mammalian eyes, also referred to as camera type eyes, are a
single aperture imaging system with one multi-pixel photosensor [1].
The main advantage of the mammal eye is the high resolution
achieved when compared with compound eyes [2]. The apposition
compound eye consists of a large number of distinct optical systems
called ommatidia arranged on a curved surface. Each ommatidium
comprises of a lens, a rhabdom for guiding the incoming light, and
a photoreceptor cell [1], [3]. In analogy, the apposition compound
eye can be thought of as an array of 1-pixel cameras on a spherical
surface [4]. The compound eye offers a large field of view (FOV),
superior motion detection, and extended depth of field at the expense,
however, of low spatial resolution [5]-[9].

Most of the current research on imaging systems at the microscale
has been inspired by compound eyes in an effort to realize artificial
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Fig. 1. Layout of the flexible miniaturized camera array. (a) Camera array
is on the same plane. All cameras are aligned vertically. (b, c) Camera array
is flexed into different configurations to increase the FOV.

compound eye systems, which could potentially be used in many
fields including security and surveillance, machine vision, or medical
procedures [5], [10]. The reasons behind this effort is that com-
pound eyes are considered the smallest known natural visual system,
allowing for parallel image processing, and having a very low power
consumption [11]. The main casualty of such an effort would be the
resolution which is inherently low in compound eyes.

Based on the description of both visual systems above, it can be
deduced that the optimal imaging system would be an artificial system
that combines both the merit of large FOV inherent in compound eyes
and the merit of high resolution inherent in camera type eyes. With
the recent advent of ever smaller stand-alone image sensors [12],
such a system can be realized. In this letter, we utilized these recent
capabilities of miniaturized image sensors and integrated them with
flexible polymers to realize a flexible miniaturized camera array
inspired by both compound eyes and camera type eyes. The miniatur-
ized camera array is integrated with a flexible polymer allowing for
instantaneous variation in the FOV. This flexible miniaturized camera
array achieves a large FOV using only a fraction of the number of
cameras otherwise needed in a large non-flexible array.

II. PRINCIPLE AND STRUCTURE

Fig. 1 shows different configurations of the miniaturized camera
array structure. The array consists of three 3 mm x 3 mm camera
brackets shown in blue connected by 3-mm thin plastic bridges. The
camera brackets along with the mold for the bridges were fabricated
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Fig. 2. Fabrication process of our flexible miniaturized camera array.

(a) Structure is fabricated using a 3D printer. (b) Ecoflex is poured onto the
area surrounding the image sensors as well as onto the connecting bridges
between the image sensors. (c) Structural bridges are removed by cutting
away the bridge edges. (d) Image sensors along with their fiber connections
are attached to the structure. (¢) NOA microlenses are placed on top of each
of the image sensors. The NOA microlenses are fabricated as per the inset
shown on the right.

by utilizing the technique of 3D printing (rapid prototyping). The
fabrication method of the microlenses was chosen based on the
requirement for a wide angle lens for each camera in the array.
A wide angle lens would minimize the number of cameras required
to achieve a certain FOV. Images from each of the cameras in
the array can then be stitched together to provide a panoramic
view [13].

III. FABRICATION

The fabrication process is divided into two sub processes: the
fabrication of microlenses and that of the camera array structure.

A. Lens Fabrication

The microlenses were fabricated by ultraviolet (UV) curing of a
photopolymerizable prepolymer NOA 73 (Norland Products, Cran-
bury, NJ, USA) [14]. NOA 73 is a UV curable optically transparent
adhesive which is not very viscous. Fig. 2 (on the right) shows
the fabrication process of the NOA microlenses. Teflon (Dupont,
Wilmington, Delaware, USA) was spun onto a glass substrate at
500 rpm for 40 s to provide a thin hydrophobic layer. The substrate
was then baked at a temperature of 215 °C for 15 min. After the
substrate cooled down, drops of NOA 73 were placed onto the Teflon
coated substrate using a syringe tip. Due to the hydrophobic Teflon
coating, the NOA drop formed a lens shaped structure.

B. Camera Array Structure

Fig. 2 shows the fabrication process of the camera array. The
structure was fabricated using rapid prototyping (Viper Si2, 3d
Systems, Rock Hill, SC, USA). For the bridges, we needed a
material that is very flexible and soft to allow the array to change
orientation easily. After experimental trial, we chose a silicone rubber,
Ecoflex (Smooth-On, Easton, PA, USA) over the commonly used
polydimethylsiloxane. Ecoflex is very soft and flexible and can
elongate to 900% of its length [15]. As Fig. 2(c) shows, uncured
Ecoflex was poured on top of the bridge and all around the image
sensors. After the Ecoflex was cured, both edges of each 3D-printed
bridge were cut off while the Ecoflex bridges were kept intact to
realize the flexible bridge connections. The image sensors were then
attached to the brackets. Each image sensor (Awaiba Lda, Funchal,
Portugal) is 1 mm x 1mm and has a total of 250 x 250 pixels. Finally
NOA microlenses were assembled on top of the corresponding image
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Fig. 3. Flexible miniaturized camera array. (a) Image of the camera array
in the natural compact state. Each camera is facing approximately the same
scene. (b) Image of the camera array while flexed. Each camera is facing
a relatively different scene. (c) Profile of the NOA microlens taken with a
goniometer. The lens has a diameter of 0.9 mm and a focal length of 0.8 mm.

sensors and aligned to match the focal length to the distance to the
image sensors.

IV. RESULTS
A. Device Analysis

Fig. 3 shows the images of the flexible miniaturized camera array
along with the NOA microlenses. Fig. 3(a) is an image of the camera
array in its compact state and the cameras are facing the same
scene from slightly different angles. Fig. 3(b) is an image of the
camera array when flexed where each camera is facing a different
scene and the stretched Ecoflex is clearly visible. The array can be
mechanically flexed using an umbrella-like structure Fig. 3(c) is a
close-up of a NOA microlens taken by a goniometer (OCA 15+,
DataPhysics Instruments Inc., Germany). The final NOA microlenses
have a diameter of 0.9 mm and a focal length of 0.8 mm. The surfaces
of the microlenses were smooth with an average roughness of 62 nm.
The surface roughness of the microlenses was measured using a
white light interferometer (Zygo NewView 6300, Zygo Corporation,
Middlefield, CT, USA).

B. Image Analysis

Fig. 4 shows the individual images taken by each miniaturized
camera along with the final stitched image. Fig. 4(a—) are the
individual images taken by the left, central, and right cameras,
respectively. The resolution of each of the images is 248 x 248 pixels.
Fig. 4(d) is the final stitched image using the software PTGui (New
House Internet Services, Rotterdam, Netherlands). The resolution
of the stitched image is 643 x 366 pixels. As can be seen from
Fig. 4(d), the stitching was smooth with no visible seams between
the images. Note that some objects were out of focus as our
microlenses have low f number (~1), thus relatively shallow depth of
field.

The maximum FOV provided by the array was approximately
130°. The FOV was calculated by adding the FOV of the indi-
vidual cameras minus the overlap between the cameras. The over-
lapping FOV between two neighboring cameras was estimated to
be 10°.
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Fig. 4.

Individual and stitched images from the camera array. The resolution
of each individual image is 248 x 248 pixels. (a) The image captured by the
left camera. (b) The image captured by the central camera. (c¢) The image
captured by the right camera. (d) The stitched image with a resolution of
643 x 366 pixels.

V. CONCLUSION

We realized a flexible miniaturized camera array inspired by
and combining the merits of natural animal eyes of both mam-
mals and insects. The camera array can be instantaneously recon-
figured spatially to provide a changing FOV. The microlenses
for the miniaturized cameras were fabricated by UV photopoly-
merization of NOA and had wide angles. The fabrication took
advantage of 3D printing and flexible polymers. With the flexi-
bility and instantaneous reconfigurability, the miniaturized camera
array consisting of only three cameras can offer a large FOV of
130°. Future work includes increasing the number of cameras in
the array for even larger FOV, as well as development of algo-
rithm for higher image quality and 3-dimensional rendition of the
scene.

JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 22, NO. 6, DECEMBER 2013

ACKNOWLEDGMENT

The authors thank C. Li, A. Kanhere, and C. Huang for tech-
nical discussions and help. The 3D printing was conducted at the
University of Wisconsin-Madison rapid prototyping consortium. This
research utilizes National Science Foundation supported facilities at
the University of Wisconsin.

REFERENCES

[1] L. P. Lee and R. Szema,
for advanced photonic systems,”
pp. 1148-1150, Nov. 2005.

[2] M. F. Land and D.-E. Nilsson, Animal Eyes, 2nd ed. Oxford, U.K.:
Oxford Univ. Press, 2012.

[3] D. Keum, H. Jung, and K.-H. Jeong, “Planar emulation of natural

compound eyes,” Small, vol. 8, no. 14, pp. 2169-2173, Jul. 2012.

T. Georgiev, “On the brightness in images captured with conventional

and compound eye cameras,” Adobe, San Jose, CA, USA, Tech.

Rep., 2004.

[5] J. Duparre, D. Radtke, and A. Tunnermann, “Spherical artificial com-
pound eye captures real images,” Proc. SPIE, vol. 6466, pp. 1-9,
Jan. 2007.

[6] G.-L. Lin and C.-C. Cheng, “An artificial compound eye tracking pan-tilt

motion,” Int. J. Comput. Sci., vol. 35, no. 2, pp. 242-248, Feb. 2008.

D. Floreano, R. Pericet-Camara, S. Viollet, F. Ruffier, A. Bruckner,

R. Leitel, et al., “Miniature curved artificial compound eyes,” Proc. Nat.

Acad. Sci. USA, vol. 110, pp. 9267-72, Jun. 2013.

[8] Y. M. Song, Y. Xie, V. Malyarchuk, J. Xiao, I. Jung, K.-J. Choi, et al.,
“Digital cameras with designs inspired by the arthropod eye,” Nature,
vol. 497, pp. 95-99, May 2013.

[9] D. Radtke, J. Duparré, U. D. Zeitner, and A. Tiinnermann, “Laser
lithographic fabrication and characterization of a spherical artificial
compound eye,” Opt. Exp., vol. 15, no. 6, pp. 3067-3077, Mar. 2007.

[10] R. Szema, J. Rastegar, and L. Lee, “An artificial compound eye for

stereoendoscopy,” J. Med. Eng. Technol., vol. 28, no. 3, pp. 117-24,

May/Jun. 2004.

A. Briickner, J. Duparré, P. Dannberg, A. Brduer, and A. Tiinner-

mann, “Artificial neural superposition eye,” Opt. Exp., vol. 15, no. 19,

pp- 11922-11933, Sep. 2007.

(2012). Awaiba Naneye

http://www.awaiba.com

A. Kanhere, B. Aldalali, J. A. Greenberg, C. P. Heise, L. Zhang,

and H. Jiang, “Reconfigurable micro-camera array with panoramic

vision for surgical imaging,” J. Microelectromech. Syst., vol. 22, no. 5,

pp- 989-991, Oct. 2013.

[14] B. P. Keyworth, D. J. Corazza, J. N. McMullin, and L. Mabbott, “Single-

step fabrication of refractive microlens arrays,” Appl. Opt., vol. 36,

no. 10, pp. 2198-2202, Apr. 1997.

(2011). Ecoflex  Supersoft

http://www.smooth-on.com

“Inspirations from biological optics
Science, vol. 310, no. 5751,

[4

=

[7

—

(11]

[12] Camera  System [Online]. Available:

[13]

[15] Silicone [Online]. Available:




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


