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Materials and sample preparation. A transparent poly(dimethylsiloxane) (PDMS) (Dow
Corning, Sylgard 184®) elastomer with a refractive index that matched that of silica was selected as
the hydrophobic layer material for the actuator. For the hydrophilic layer, a ultra-violet (UV)-
curable elasomeric polyurethane (PU) precursor (Noland product, NOA 71) and a hydrogel 2-
hydroxyethyl methacrylate (HEMA) monomer (Sigma Aldrich) with its 5 wt% darocure-1173
initiator (Chiba Co.) was blended in a series of compositions. We chose a hydrophilic transparent
layer consisting of 70 wt% PU and 30 wt% HEMA (PU70/HEMA30) which is elastic and responds
to hydrophilic solvents. The glass transition temperatures were measured utilizing both differential
scanning calorimetry and dynamic mechanical analysis as well as by the evaluating the tensile
properties the of PU/HEMA layers at a various compositions at room temperature. The results are
shown in Figs. S1 and S2. In order to combine the multi-faceted environmental responsiveness of
polymer gels with photonically active structures, silica colloidal FCC crystals (silica sphere
diameter = 270 nm, Bangs Laboratories) were first assembled on the fluorinated silane
(tridecafluoro-1,1,2,2-tetrahydrooctyltrichlorosilane, Sigma Aldrich) monolayer treated mold with

dimensions of 2 mm X 40 mm x 0.2 mm for the spiral opal actuator. Utilizing Colvin’s method
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multiple times, we controlled the thickness of the silica colloidal PC to be 0.08 + 0.01 mm (~ 300
silica sphere layers). The hydrophobic PDMS precursor infiltrated the silica colloidal template and
was then thermally cured at 65 °C for 12 hr. Before applying the hydrophilic PU70/HEMA30 layer,
a methacryloxypropyl-trimethyoxysilane (Sigma Aldrich) monolayer was created on the oxygen
plasma treated PDMS as an adhesive between the hydrophobic PDMS and a hydrophilic PU/HEMA
layer. In order to keep the sample thickness even, parafilm and a glass plate were placed on the top
of the mold during the UV-curing process of the hydrophilic PU70/HEMA30 layer. The final opal
planar switches were peeled from the molds and stored in vacuum before carrying out

characterization and analysis.
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Fig. S1 Glass transition temperatures of HEMA in PU/HEMA blends at different HEMA
concentrations, which is measured by dynamic mechanical analysis and differential scanning
calorimetry.
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Fig. S2 Mechanical tensile tests of PU/HEMA blends at various compositions.

Equipment and Experiments. The silica colloidal opal and the PDMS imbedded opal
morphologies were investigated by SEM (JEOL 6060 and FESEM JSM-7401). The pictures of
spiral opal switches were taken using a digital camera (EOS 5D, Canon). Utilizing oxygen plasma
(PDC-32 G, HARRICK) for 4 min at 75 mTorr and 150 W, hydroxyl functions, which can react
with methacryloxypropyltrimethoxysilane in ethanol, were created on the surface of the PDMS-
embedded opals. Swelling tests and gel content measurements for PDMS and PU70/HEMA30 in
hexane, acetic acid and ethyl acetate were carried out on samples with dimensions of 5 mm x 30
mm X 1 mm. Reflectivity spectra were obtained using an optical microscope (Zeiss Axioscop)
equipped with a fiber-optic spectrometer (Stellarnet EPP2000) and a near infrared spectrometer

(60001, Varian) using a silver-coated metallic mirror as a 100% reference.

Preparation of photonic actuator: Colloidal silica face-centered cubic (FCC) single crystals

(silica sphere diameter = 270 nm) were self-assembled on the fluorinated silane monolayer treated
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mold with dimensions of 2 mm X 40 mm X 0.2 mm. The sample geometry is identical with the one

illustrated in Fig. 1a. The y-axis is more or less parallel to the [0 1 1] direction of the silica colloidal
FCC structure. To photograph close to the [200] zone of the silica colloid FCC structure (Fig. S3b),
the [111] zone sample (Fig. S3a) was tilted 45°-clockwise around the x-axis toward y-axis. The
reddish color reflected from the [111] zone was found to have a peak reflection wavelength of 590
nm (Fig. 2) which matches the calculated reflection band peak at 596 nm. The greenish reflected
color from the [200] zone is also well matched with the calculated peak reflection wavelength of
507 nm, which is deduced from the analysis of silica colloid FCC structure. The silica/air PC
reflected red and green light close to the [111] and [200] zones of silica colloidal photonic crystal,

respectively.

Fig. S3 Photographs of 270 nm silica colloidal photonic crystal. (a) from the [111] zone and (b)
close to the [200] zone of the FCC structure.

Swelling tests: In order to test the reversibility and to evaluate the gel content of the PDMS
and PU70/HEMA30 layers in different solvents, such as hexane, acetic acid and ethyl acetate,
swelling tests were conducted with respect to swelling and deswelling times, as shown in Fig. 3.
The maximum swelling expansion ratio (Vma/Vo, here Vi is the expanded volume at swelling
time, t = tmax and Vo, is the initial volume at t = t;) of the hydrophobic PDMS layer is 2.28 in

hexane, 1.66 in ethyl acetate, and 1.10 in acetic acid. On the other hand, the V,,x/V( of hydrophilic
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PU70/HEMA30 is 1.00 in hexane, 1.66 in ethyl acetate, and 2.05 in acetic acid. All the samples
swelled more than 90% of their maximum swelling expansion ratio in 10 min. During the
deswelling process, PDMS samples in all the solvents returned back to the original planar
dimension in 20 min, while PU70/HEMA30 samples in acetic acid and ethyl acetate took more than
1 hr. The gel content of the thermally cured PDMS and UV-cured PU70/HEMA30 layers was also
evaluated by the before and after swelling weight ratio in good solvents. The gel content of PDMS

measured in hexane and PU70/HEMA30 in acetic acid is 100% and 99%, respectively.

Define the handedness: In order to determine the handedness of scrolled opal switches, we
need to define the directions of the PDMS and PU70/HEMAZ30 layers. Using the right-handed 3D
Cartesian coordination system which is illustrated in Fig. 1 and Fig. S4, the + z-axis and — z-axis are
defined as the PDMS and PU70/HEMAZ30 layers, respectively. The simplest way to recognize
which side is the PDMS or PU70/HEMA30 layer in the scroll opal actuator is mechanical
stretching. When the sample is released after mechanically stretching about 10% along the y-axis
(long axis of scroll actuator), a right-handed scroll is first formed and returns back to the original
planar shape (Fig. S4a). This is because the elastic recovery of the PDMS layer (+ z-axis) is faster

than that of the PU70/HEMA30 (- z-axis) layer.
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PU70/HEMA30

Fig. S4. Photographs of scroll actuators (a) before and (b) after mechanically stretching along the y
axis.

Fig. S5. Left-handed photonic spiral actuator in ethyl acetate: (a) side view, (b) 45°-tilted view, and
(c) top view, respectively.




<<
  /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


