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ABSTRACT 

We developed the novel type of droplet generator for 
the bio-chemical reactions, and designed it by considering 
Reynolds and Weber numbers.  The Si droplet generator 
was fabricated on a silicon-on-insulator wafer by using 
deep-reactive ion etching and was fixed in a piece of 
heat-shrinkable tubing by heating the tubing.  We 
experimentally confirmed that the fabricated droplet 
generator formed droplets in 1 mm diameter with jetting. 
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INTRODUCTION 

Microelectromechanical systems (MEMS) 
technologies have been used to produce various types of 
miniaturized biochemical devices, micro-droplet generators 
fabricated by MEMS are now widely applied for various 
biochemical reactions. Conventional micro-droplet 
generators use sheath flow and sheared flow in 
microchannels fabricated on the flat surface of chip by 
photolithography and covered by a glass plate [1, 2].   

Although the micro-droplet generators fabricated by 
MEMS can continuously produce small uniformly-sized 
droplets, they are hard to package because bonding the glass 
plate on the flow channel structures is not as easy forming 
flow channels because of the difficulty of forming piping 
joints on the glass plate to connect the flow channel in the 
chip to the outside pumping systems.  We therefore 
developed a tube-type of Si droplet generator that does not 
have any piping joints or a cover plate. 
 
TUBE-TYPE OF Si DROPLET GENERATOR 
Principle 

Droplet formation in the conventional and proposed 
tube-type of Si droplet generators fabricated by MEMS is 
shown in Figs. 1(a) and 1(b).  The proposed device consists 
of a Si droplet generator has lots of through-nozzles and is 
mounted in a tube, one end of is connected to a syringe 
pump and the other of which is immersed in a solution.  
Numerous droplets are formed by pushing the solution A 
into the Si generator.  One advantage of the proposed 
generator is that one can easily produce the droplets by 
simply connecting the generator to a conventional syringe 
pump and push the solution into the suspension liquid, and 
another is that its fabrication does not require any 
complicated bonding process.   
 

Design 
For producing the droplet configuration in our device, 

the jet liquid stream exhausted by the Si droplet generator 
must, as shown in Fig. 2, be in an unstable state.  We 
therefore investigated the condition of the droplet formation.  
The continuity and the momentum equations for the fluid 
are  
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where u is the velocity vector, P is the pressure, and f is the 
body force.  The non-dimensional numbers Re, Fr, and We 

 
(a) 

 

 
(b) 

 
Fig. 1: Droplet generator fabricated by MEMS.
(a) Conventional droplet formation using T-shaped flow 
channels. 
(b) Droplet generation by the proposed in-tube type of 
droplet generator. 
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in this equation are respectively the Reynolds number, 
Froude number, and Weber number and are given by 
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where g is gravitational acceleration, R0 is the nozzle hole 
diameter, and σ is the interfacial tension.  As shown in ref. 
[3], for producing uniform droplets in the applied model the 
Reynolds has to be smaller than 200 and the Weber number 
has to be less than 1.  We therefore determined the device 
specifications as follows. 
 

(Step 1) We at first determined the types of the fluids.  For 
producing water droplets in oil environment, we determined 
to use a water solution as the dispersed fluid and silicone oil 
(KF-96-10cS, Shin-Etsu Chemical Co., Ltd.) as the 
suspension liquid.  The detailed specifications of the 
solution and the oil are listed in Table 1.   
(Step 2) We then determined the nozzle diameter R0 needed 
to satisfy the Reynolds and Weber numbers conditions 
mentioned above.   
 

We thus designed four Si droplet generators that were 
all 2400 μm in diameter but had different nozzle diameter: 6, 
24, 125, and 600 μm.  The basis structure of the designed 
generators is shown schematically in Fig. 3. The nozzles 
were formed on a diaphragm structure supported by a 
frame.   
 
FABRICATION 

As shown in Fig. 4, the Si droplet generator was 
fabricated in two steps of deep reactive-ion etching (D-RIE). 
We used a 4-inch SOI wafer and the thickness of device, 
buried silicon dioxide, and substrate layer of the wafer were 
10, 1, 300 μm, respectively.�We first applied a photoresist 
to the device layer of SOI wafer and patterned it by using an 
exposure system (Figs. 4(a) and 4(b)). We then formed the 
Si-based nozzle structures by a D-RIE process (Fig. 4(c)) 
and removed the photoresist used in that process (Fig. 4(d)). 
We then patterned the photoresist on the rear-side of the 
substrate layer, formed the nozzles on the diaphragm 
supported by the frame and the beam by D-RIE (Fig. 4(e)) 
and removed the photoresist used in that process (Fig. 4 (f)). 
Finally, we fabricated the through-hole structure as a nozzle 
by using an HF wet etching process to remove the silicon 
dioxide layer (Fig. 4 (g)). We easily separated the droplet 
generator from the SOI wafer by breaking the supporting 
beams (Fig. 4 (h)).  

The Si droplet generator fabricated on a SOI wafer is 
shown in Fig. 5. Each generator was supported by four 
beams to the Si substrate. A magnified SEM image of the 
generator is shown in Fig. 6. We fabricated the two types of 
Si droplet generator:  a single-nozzle type for evaluating the 
condition of the droplet formation process (Fig. 6(a)), and a 
numerous-nozzle type for generating multiple droplets at 
the same time (Fig. 6 (b)). 
 
 

 
Fig. 2: Geometry of the droplet formation model. 

 
Fig. 3: Schematic view of the designed droplet generator. 

 

 

Table 1: Solution and oil properties. 
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EXPERIMENT 
Assembling in-tube droplet generator 

The most difficult problem in fabricating the in-tube 
type of droplet generator was attaching the generator to the 
tube.  We solved this problem by using heat-shrinkable 
tubing (PTFE/FEP Dual-ShrinkTM Tubing ZDS-L-190, 
HAGITEC Co., Ltd.).  We mounted the droplet generator 
on the supporting jig and put it into a piece of tubing with an 
inner diameter of 4.8 mm (Fig. 7(a)) and reduced the inner 
diameter of the tubing to 1.78 mm by heating it (Fig. 7(b)).  
The shrunk tube held the generator tightly without glue. 

 
Droplet formation 

The experimental setup we used to evaluate the 
performance of droplet generator is shown in Fig. 8.  In the 
first trial used an adhesive to attach a single-nozzle type 
generator (nozzle diameter: 125 μm) to the end of a silicone 
rubber tube with inner and outer diameters of 4.0 and 2.0 

mm, filled the tube with water (dispersed fluid), and pushed 
the water into the silicone oil (suspension liquid).  The flow 
rate was controlled by using conventional syringe pump and 
pulse motor controller (D212 motor controller, Suruga 
Seiki Co., Ltd).   

 

 
Fig.4: Fabrication process of the Si droplet generator. 
 

Fig. 5: (a) Front and (b) back views of a fabricated Si droplet 
generator. 

 
Fig. 6: Magnified view of Si droplet generators: (a) 
single-nozzle type, (b) numerous-nozzle type. 

 

 
Fig.7: Mounting of in-tube droplet generator in 
heat-shrinkable tubing: (a) before and (b) after heating. 
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The values listed in Table 2 show the relation between 
the flow condition (Reynolds and Weber numbers) and the 
droplet formation.  We observed three types of 
droplet/jetting formation modes at different ranges of the 
Reynolds number: uniform droplets (Re�8.21), droplets 
with jetting (8.21<Re<35.7), and jetting without droplets 
(35.7�Re). The diameter of the formed droplet decreased 
with increasing Reynolds number, and we found that 
droplets as small as 1 mm in diameter could be obtained 
with jetting (Re=10.7) 
 
CONCLUSION 

We developed a new kind of droplet generator for 
biochemical reactions and mounted it inside a piece of 
heat-shrinkable tubing by heating the tubing.  Investigating 
the relation between Reynolds number and the mode of 
droplet formation, we found that droplets with diameters as 
small as 1 mm diameter could be obtained with jetting 
(Re=10.7).   

In the future, we will try to form numerous droplets at 
the same time by using numerous-hole types of droplet 
generators and will investigate the relation between the 
Reynolds number and the mechanism by which uniform 
micro-scale droplets are formed. 
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Fig. 8: Experimental setup for forming droplets. 

 

Table 2: Relation between flow condition and droplet 
formation mode. 

 

389



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /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 /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 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
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /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
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /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 ()
  /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 [612.000 792.000]
>> setpagedevice


