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Abstract 
 

We report a two-axis MEMS scanner driven by radial vertical combdrive actuators. The device is fabricated by a five-layer 
polysilicon surface micromachining process. A cross-bar spring structure consisting of lower and upper torsion springs is 
designed to achieve two rotational degrees of freedom, enabling the dual-axis rotation. Both the vertical comdrive actuators 
and the torsion springs are hidden underneath the mirror to achieve a small form factor. Mechanical rotation angles of ±5.4° at 
42V and ±2.4° at 63V are obtained for rotation about the lower and upper springs, respectively. 
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1 INTRODUCTION 
 
Advances in optical fiber communication, display 
technologies, and biological imaging and tomography have 
been the major driving forces for the development of MEMS 
scanners [1]. Particularly, two-axis scanners are of great 
interest as they enable the two-dimensional (2-D) steering of 
optical beams. Among all the actuation mechanisms, 
electrostatic actuation has been one of the most popular 
approaches for driving MEMS devices. Parallel-plate 
electrostatic actuators have simple structures; however, their 
displacements or rotation ranges are limited by the pull-in 
effect. Vertical combdrive actuators are more attractive as 
they are free from the pull-in effect and also offer larger 
force densities. 
 
Typically, a gimbal structure exists in a dual-axis 
vertical-combdrive micromirror to achieve two rotational 
degrees of freedom (DOFs) [2]. It is desirable to eliminate 
the gimbal so that the device form factor can be reduced. 
Vertical combdrive actuators in conjunction with the 
leverage mechanism were used in gimbal-less two-axis 
scanners [3,4]. The device structures were relatively 
complicated and required delicate mechanical designs. In 
this paper, we propose using radial vertical combdrive 
actuators to eliminate the need of gimbals in two-axis 
scanners. Similar radial-comb arrangement was 
demonstrated previously by others; however, their achieved 
rotation angle was relatively small (2 mrad) [5]. In our 

device, a cross-bar spring structure consisting of lower and 
upper torsion springs is deployed to obtain two rotational 
DOFs, enabling the dual-axis rotation. Both the actuators 
and the torsion springs are hidden under the mirror to 
achieve a small form factor. Mechanical rotation angles of 
±5.4° (42V) and ±2.4° (63V) are attained for rotation about 
the lower and upper springs, respectively. 
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Figure 1. Schematic of the two-axis MEMS scanner with 

radial vertical combdrive actuators and a cross-bar 
spring structure. 
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2 DESIGN AND FABRICATION 
 
Figure 1 is the schematic drawing of the two-axis scanner. It 
is imaginarily dismantled into three tiers for a clearer 
illustration. The device is fabricated using SUMMiT-V 
surface micromachining process offered by Sandia National 
Laboratory. It has five polysilicon layers, including one 
nonreleasable ground/shield layer (mmpoly0) and four 
structural layers (mmpoly1 to mmpoly4). The lower torsion 
springs and the fixed combs are made of the mmpoly1 
(1-μm thick) layer and the laminated mmpoly1+mmpoly2 
stack (2.5-μm thick), respectively. Both the upper torsion 
springs and movable combs are fabricated with the mmpoly3 
layer (2.25-μm thick). The top polysilicon layer, mmpoly4 
(2.25-μm thick), is used for the mirror. The CMP (chemical 
mechanical planarization) process before the deposition of 
the top two polysilicon layers eliminates the topography 
underneath the mirrors. They also provides a large gap 
spacing (10.75 μm) between the mirror and substrate. 
 

3 DEVICE CHARACTERIZATION 
 
Figure 2 shows the SEM photos of the fabricated devices. 
The mirror in Figure 2(a) is intentionally cut into a circular 
shape to reveal the underlying structures. This particular 
device has one lower torsion spring on each side, different 
from the nominal device (Figure 1) which has two on each 
side. The upper torsion springs are not shown in the photo as 
they are hidden under the bars extruding from the circular 
mirror. Figure 2(b) is photo of the nominal device. 
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Figure 2. SEM photos of (a) a device with a circular mirror 

and (b) the nominal device. 
 
Figure 3 is the DC characteristic of the nominal device. The 
mechanical rotation angles are ±5.4° at 42V and ±2.4° at 
63V for rotation about the lower and upper springs, 
respectively. Unlike a normal combdirve actuator, the gaps 
between fingers change during rotation, leading to lateral 
instability. The rotation about the upper springs is more 
susceptible to lateral instability due to the asymmetric spring 
structure and therefore has a smaller scan range. With a 
symmetric spring design, the scan angles for the two axes 
are predicted to balance. The resonant frequencies are first 
obtained with the modal analysis using ANSYS (Figure 4). 
They are 18 kHz and 24 kHz for the aforementioned two 
rotation modes, respectively. Experimental measurements of 
the resonant frequencies are still in progress. 
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Figure 3. DC characteristic of the nominal device. 
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Figure 4. Modal analysis for the resonant frequencies. The 

fixed combs are not shown. 
 

4 CONCLUSION 
 
We have demonstrated a two-axis micromirror driven by 
radial vertical combdrive actuators. Mechanical rotation 
angles of ±5.4° (42V) and ±2.4° (63V) are achieved for 
rotation about the lower and upper springs of the cross-bar 
spring structure, respectively. 
 

ACKNOWLEDGEMENT 
 
The authors would like to thank Nan-Fu Chiu and Prof. 
Chii-Wann Lin of the Institute of Biomedical Engineering 
and Department of Electrical Engineering, National Taiwan 
University, for their assistance with the SEM images. 
 

REFERENCES 
 
[1] M. C. Wu et al., “Optical MEMS for lightwave 

communication,” J. Lightw. Technol., vol. 24, pp. 
4433-4454. 

[2] W. Piyawattanametha et al., “Surface- and bulk- 
micromachined two-dimensional scanner driven by 
angular vertical comb actuators,” J. Microelectromech. 
Syst., vol. 14, pp. 1329-1338. 

[3] J. C. Tsai et al., “Design, fabrication, and 
characterization of a high fill-factor, large scan-angle, 
two-axis scanner array driven by a leverage 
mechanism,” J. Microelectromech. Syst., vol. 15, pp. 
1209-1213. 

[4] V. Milanović et al., “Gimbal-less monolithic silicon 
actuators for tip-tilt-piston micromirror applications,” J. 
Select. Topics Quantum Electron., vol. 10, pp. 462-471. 

[5] W. Noell et al, “Compact and stress-released piston 
tip-tilt mirror,” Proc. of IEEE/LEOS Optical MEMS 
2006, Big Sky, Montana, Aug. 2006, pp. 40-41. 

84



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /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 /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile 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 false
  /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 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

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. 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 for quality printing on desktop printers and proofers.  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 /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


