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Device Fabrication and Experiment Setup

The photomask was designed using AutoCAD software (http://usa.autodesk.com/) and
converted to GDSII format wusing a format-conversion package, LinkCAD-5
(http://www.linkcad.com). It was then printed using a high-resolution laser writer,
DWL66 (Heidelberg Instruments, http://www.himt.de). The polydimethylsiloxane
(PDMS) microchannels were fabricated using standard soft lithography technique. The
mold for the PDMS was fabricated on a silicon wafer (TechGophers, Chino Hills, CA) by
Deep Reactive Ion Etching (DRIE, Adixen, Hingham, MA). The positive photoresist
SPR-220-7 (MicroChem, Newton, MA) was lithographically patterned onto the silicon
wafer with an etch depth of 155 um (the same as the diameter of the optical fiber) to act
as a mask for DRIE. The final mold depth was confirmed using a profilometer (KLA-
Tencor, San Jose, CA). The silicon mold was silanized by exposure to 1H,1H,2H,2H-
perfluorooctyl-trichlorosilane (Sigma Aldrich, St. Louis, MO) vapor inside a vacuum
chamber, in order to reduce surface energy and hence the damage to the PDMS channel

caused during the demolding process. This step increased the smoothness of the PDMS
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sidewall and reduced scattering loss during the focusing process. The Sylgard™ 184
silicone elastomer base and curing agent (Dow Corning, Midland, MI) were mixed at a
10:1 weight ratio, cast onto the silicon mold, and stored in a -20 °C freezer overnight to
allow bubbles trapped on the silicon mold to migrate to the surface or dissolve. The
PDMS was then cured at 70 °C for one hour and peeled off from the mold. Inlets and
outlets were created with a silicon carbide drill bit before the PDMS substrate was
bonded to a glass slide. The inlets and outlets of the device were connected to syringe
pumps (KDS 210, KD scientific, Holliston, MA) using polyethylene tubes (Becton

Dickson, Franklin Lakes, NJ).
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Fig. S1 Photomasks of the devices used for (A) translation mode ray tracing experiments (main

Particle

1
C

X ¥ \
e\
[ X A

18

D

channel length = 400 um, Fig. 3 in the main text), (B) focused beam profile characterization
(main channel length = 250 um, Fig. 4A in the main text), and (C) flow cytometry test (main
channel length = 250 um, Fig. 5 in the main text), and (D) swing mode ray tracing experiments

(main channel length =250 pum, Fig. 6 in the main text)

Four different device designs (Fig. S1) were used in the experiments for different
characterization purposes. These devices shared similar fluidic components except for the
main channel length. In the long-version L-GRIN device (Fig. S1A), the main channel

was made 400 um long in order to cover a larger focal distance range in the translation-
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mode ray-tracing experiment (Fig. 3 in the main text). The rest of designs were based on
the short-version devices (main channel length = 250 um). The second design (Fig. S1B)
was used in side-view imaging experiments to characterize the focused beam profile (Fig.
4A in the main text). A patch was placed near the L-GRIN main channel (100 pm gap).
The patch and PDMS substrate were cut along the dotted line to create an optical window,
which allowed the focused light to exit the L-GRIN lens. A 2 mm x 2 mm 90-degree
prism (Edmund Optics, Barrington, NJ) was placed near the optical window to deflect
light into the microscope lens so that the focusing pattern parallel to the substrate could
be directly visualized using an upright microscope (Fig. S2). The third design (Fig. S1C)
was used in the flow cytometry test (Fig. 5 in the main text). The fourth design (Fig. S1D)

was used in the swing-mode ray-tracing experiment (Fig. 6 in the main text).
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Fig. S2 Schematic of the side-view imaging setup for characterizing the focused light beam

profile in Fig. 4A in main text.
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The Dependence of Focal Length and Swing Angle on Sheath Flow Rate

The focal distance, defined as the distance between the focusing position and the aperture
of the optical fiber, was measured from the simulation and experimental results (Fig. 2
and Fig. 3) and plotted as a function of the sheath flow rate (Fig. S3). A good agreement
between the simulation and experiment was found. The tuning range for the focal
distance is approximately 1,200 to 500 um as the sheath flow rate increases. It is possible
to achieve shorter focal distance, and hence the larger NA, by increasing the refractive
index contrast (i.e., increasing the concentration of CaCl2 solution or adapting other

fluids with higher refractive index).
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Fig. S3 Focal length of the L-GRIN lens as a function of sheath flow rate. The data were
measured from the ray-tracing simulation and experiments in Fig. 2 and Fig. 3 in the main text,
respectively. A good agreement between the simulation and experiment was found. (Fig. 2 and
Fig. 3 in main text did not show the focal point for sheath flow rate = 0.6 pl min™. The focal

length for flow rate = 0.6 pl min™ were estimated from extrapolation).

The swing angle for each flow rate was measured from the simulation and
experimental results in Fig. 6 and Fig. 7 and plotted as a function of the sheath flow rate

(Fig. S4). A good agreement between the simulation and experiment was found. The
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results show a maximum swing angle of approximately + 12°. A larger swing angle is

possible by further optimizing the refractive index gradient and channel geometries.
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Fig. S4 Swing angle of the L-GRIN lens as a function of the sheath flow rate. The data were

measured from the ray-tracing simulation and experiments in Fig. 6 and Fig. 7 in the main text,

respectively. A good agreement between the simulation and experiment was found.

Caption of Video S1 and S2

Video S1 (Video of Fig. 3):

The video shows the ray-tracing characterization of the L-GRIN lens in the translation
mode. Dynamic changes of the focal length and flow patterns are more evident in this

video than in Fig. 3.

Video S2 (Video of Fig. 6):
The video shows the ray-tracing characterization of the L-GRIN lens in the swing mode.
Dynamic changes of the output light direction and the shift of optical axis due to the

variable flow injection are more evident in this video than in Fig. 6.

S5




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /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 false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /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 ()
  /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 Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /ENG ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 779.528]
>> setpagedevice


