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1. Introduction

The purpose of this investigation is to clarify the generation mechanism for the aerodynamic force
from the flapping wings of insects. Since insects use a low-Reynolds number effect and changing flow
properties, the insects' flight is different from the flight of man-made airplane wings. Azuma A. et al.
(1984) showed that the feathering angle is important in generating a vertical force with a flapping
wing. However, the relationship between the vorticity field and the aerodynamic force was not clear.
Adrian et al. (2004) showed flow field around a dragonfly with smoke-wire method. The result
showed the simple U-shaped separation occurs in flow around a dragonfly. The U-shaped separation
1s one of the simplest analytical solutions of the Navier-Stokes equation in dynamic stall flow over a
wing. In this investigation, a quantitative analysis of vortex structure around a dragonfly and a time
varying vertical force were measured directly using a dynamic PIV and a micro-load cell system. The
experimental results showed that the continuous vortex tubes were observed such as the U-shaped
separation. Moreover, these vortex tubes play an important role in the aerodynamic force generated
by the flapping wings of insects.

2. Experimental Setup

Figure 1 shows a micro-road cell system for insect flight measurements. Since the aerodynamic force
for dragonflies is only in the neighborhood of 10 mN, but the frequency of the flapping motion is very
high (about 30 Hz), a light-weight and high-stiffness cantilever is required. In this system, the
cantilever was fabricated from carbon fiber to achieve light weight and high stiffness. The resonance
frequency of the system was 66 Hz, which is about two times larger than the flapping frequency of
the dragonfly. The error in this system is less than 1 %, and the available range of measurement is
from 0.981 mN to 49.1 mN. In order to measure an instantaneous vorticity field in two dimensions
we used a dynamic PIV system (X-Stream VISION™ : IDT Co., Ltd.). The resolution of this system is
512 pixel X 512 pixel and the sampling frequency i1s 4 kHz. The instantaneous flow field was
measured at several intervals from the root to the tip of the wing. Each data point was reconstructed
into the three dimensional field at the same phase as the reference signal that was obtained by the
high speed camera. To simplify the experiment, we removed hindwings and studied only the
forewings of the dragonflies.

3. Results and Discussion

Since the flow angles are changed during one cycle of the flapping motion, the direction of lifting
force act on the wings are also changed. Aerodynamic force of vertical direction of the dragonfly was
measured as shown in Fig. 2. The vertical force of #'was normalized by the weight of the dragonfly, W.
The horizontal axis shows the phase angle (8) of the flapping motion. The top dead center and
bottom dead center is defined to 0 and 180 degrees, respectively. The maximum lift was obtained in
the downstroke (8= 0 to 180 degrees) at phase angle of 110 degrees. In the upstroke (8= 180 to 360
degrees), the vertical force was negative, but its absolute value was smaller than that of the
downstroke. The average value of vertical force generated by the forewings was equal to 0.6 times of
the weight of the dragonfly. Here, we should take note of the vertical force generated by the two pairs
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of wings was 1.2 times larger than the dragonfly's weight, which was enough for level flight.

Figure 3 shows the 1so-surface of the phase averaged vorticity around the flapping wing of the
dragonfly. The blue and the red surface indicate the negative and positive vorticity shed from the
flapping wing, respectively. When the maximum lift was generated at the phase angle of 110 degree,
strong vortices were generated by separated flow from the leading-edge as shown in Fig. 3(a). The
continuous vortices such as the tube vortices were observed on the upper surface of the wing in the
downstroke, which seems to be the part of the U-shaped separation. Moreover, the diameter of the
tube was almost same as the chord length of the wing. This structure is in good agreement with the
flow pattern visualized by Adrian et al. (2004). Although the flapping wings produce the
three-dimensional velocity distributions on the wings, unsteady, dynamic stall flow over a high
aspect-ratio wing such as the dragonflies makes U-shape separation which is entirely consistent with
the solution of the N-S equations. As a result, the topology of the separated flow is almost two
dimensional without near the wing-tip. Since the negative pressure act on the wing surface from the
root to the tip with tube vortices, it generates aerodynamic force effectively. Therefore, the vertical
force during the downstroke is large. The strong vortex was also observed in the upstroke. But it
distributed under the wing surface. Moreover, the vortices had three-dimensional structures. These
vortices do not generate lift, but they do generate thrust force (Yang, C. J. and Lee, Y. H., (2006);
Chang, J. W. and Sohn, M. H., (2006)).

Vertical Force

Cantilever
/

2nd camera

High
speed
camera

Infrared A
Laser

-3 &= Downstroke —#+—— Upstroke ——
i _4 | | |
AID
i Ny 0 90 180 270 360
Trigger signal converter 9 [ded]

Fig. 1. Schematics of micro-load cell and dynamic  Fig. 2. Aerodynamic vertical force evolution
PIV for insects’ flight measurement. against phase angle of flapping motion.

Root of forewing

Tail

He:d"—‘

Head Tail
0’: 7 . Tip of forewing
= |
(a) Maximum lift (b) Minimum lift
Fig. 3. Three-dimensional vortex structures around the flapping wing (@/ f = £5).

References

Adrian, L. R. T., Graham, K. T., Robert, B. S., Robert, L.. N. and Richard, J. B., Dragonfly Flight: Free-flight and Tethered Flow
Visualizations Reveal a Diverse Array of Unsteady Lift-generating Mechanisms, Controlled Primarily via Angle of Attack,
J. Exp. Biol., 207 (2004), 4299-4323.

Azuma, A., Azuma, S. and Watanabe, 1., Flight Mechanics of a Dragonfly, J. exp. Biol., 116 (1984), 79-107.

Chang, J. W. and Sohn, M. H., Numerical Flow Visualization of First Cycle and Cyclic Motion of a Rigid Fling-Clapping Wing,
Journal of Visualization, 9-4 (2006), 381-391.

Yang, C. J. and Lee, Y. H., Vortex Flow Patterns of a Heaving Foil, Journal of Visualization, 9-1 (2006), 13-22.




<<
  /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 /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /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
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /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
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /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

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. 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 best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


