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Abstract: Mobile Robotic Systems are typically 
used for applications where direct human 
involvement is too expensive, too dangerous, or 
just ineffective. MEMS gyroscopes provide a 
feedback sensing mechanism that can be very 
useful in optimizing navigation system 
performance. 

In this study, a biomimetic vibrating 3D 
MEMS Gyroscope is designed, consisting of two 
circular diaphragms with a club shaped structure 
placed over one of them. This MEMS based 
vibrating gyroscope was modeled and simulated 
using COMSOL Multiphysics 4.1 - MEMS 
module. In this model there are two modes – 
driving mode and sensing mode. The driving 
force is given in the x-direction and the 
displacement due to the Coriolis effect is sensed 
in the y-direction.  

The purpose of the research was to 
develop an effective gyroscope for guidance and 
control of mobile robots. The simulated results 
show that the displacement due to Coriolis 
effect, used for restoring the body back to its 
initial position, was greater when compared to 
that of the electrostatic force. These results let us 
to conclude that this gyroscope would provide 
valuable orientation information for robotics 
applications. MEMS gyroscope technology 
provides cost-effective methods for improving 
directional estimation and overall accuracy in the 
navigation systems. 
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Introduction 
 

Technically, a gyroscope is a device that can  
measure angular velocity. For many applications 
in guidance and control, it is necessary to make 
certain directional reference available. These 
references, which serve as the basis for obtaining 
navigational data, for stabilization of a vehicle or 
some of its equipment, must be maintained 
despite various interferences and should be 
rotatable on command.  

MEMS vibrating gyroscopes aim to create 
smaller and more sensitive devices.  
Fundamental to an understanding of the 
operation of a vibrating structure gyroscope is an 
understanding of the Coriolis force. Coriolis 
force is the force exerted on a body when it 
moves in a rotating reference frame. It is caused 
by rotation of earth and inertia of mass. It acts 
perpendicular to rotation axis and velocity of 
body in rotating frame and is proportional to 
rotation rate.  

MEMS vibrational gyroscopes provide a low 
cost inertial measurement of rotation rate by 
sensing the effects of the Coriolis force in a 
rotating system. A vibrational gyroscope can be 
understood by considering a mass attached to a 
rigid frame by springs (Fig 1). 

 

 
Figure 1: Basic Vibrational Gyroscope 

 
            The mass is driven to vibrate along one 
axis (drive axis). If the gyroscope rotates about 
an axis perpendicular to the page, a Coriolis 
force is generated along an axis perpendicular to 
both the drive axis and the axis of rotation, called 
the sense axis. The sense axis vibration is 
measured to determine the rotation rate. The 
drive direction is typically excited by the 
electrostatic drive forces to a constant amplitude 
of oscillation (linear or angular depending on the 
design), and the sense direction is excited by the 
rotation-induced Coriolis force. 
       Among many micro machined gyroscopes, 
Coriolis vibratory rate gyroscopes have 
demonstrated a significant progress within the 
past decade satisfying the requirements of 
several applications such as guidance, robotics, 



tactical-grade navigation, and automotive 
applications. Micro machined vibratory 
gyroscopes have many potential advantages. 
They can be mass produced and can have both 
driving and detecting circuits integrated on-chip 
for improved sensitivity. 
 In this study, a biomimetic vibrating 3D MEMS 
Gyroscope is designed.  
 
Background Theory 
       Blowfly (Calliphora vicina) uses a special 
organ, the halteres, to navigate its flight course. 
The halteres, functioning as vibrating gyroscope, 
are small modified hind wings, which beat 
antiphase to the wings and serve a purely sensory 
function during flight. It would be very 
challenging and fruitful to advance the 
development of new micro machined vibrating 
gyroscope by taking inspiration from the 
structure of natural gyroscope, i.e. the halteres. 
The Campaniform Sensilla and chordotonal 
organs, which are at the base of the halteres and 
enable extreme high sensitivity for strain 
detection, encode the strain generated by the 
Coriolis forces during rotational movements. 
Therefore, the halteres are very sensitive to 
Coriolis forces and potentially provide an 
accurate measure of angular velocity which 
originates from angular rotations of the body and 
mediate corrective reflexes during flight. 
Derham was the first scientist to note that when 
their halteres are removed, flies cannot keep 
stability and quickly crash to the ground while 
staying aloft. In reality, these mechanoreceptors 
at the base of the halteres function as strain 
gauges to detect the Coriolis force applied on the 
halteres.[4] 
 

 
Figure 2: Haltere of an insect 

As a result of fly motion and haltere kinematics 
during flight, a complex force acts on the 
halteres. 
 

 
 

Figure 3: Haltere Force Modulation[2] 
 
 Assuming no translational motion of the insect, 
this force can be expressed in vector notation as 
following:  
 
F=mg-ma-mώxr-mωx(ωxr)-2mωxν          ‐ (1) 
 
where m is the mass of the haltere,  r,  v, and  a 
are the position, velocity, and acceleration of the 
haltere relative to the insect body, respectively;  
ω  and  ώ are the angular velocity and angular 
acceleration of the insect, and g is the 
gravitational constant. When fly's body rotates, 
centrifugal(-mωx(ωxr)) and Coriolis(-2mωxν ) 
forces are produced on its halteres. However, the 
influence of the centrifugal force to the rotation 
movement can be neglected. First, the centrifugal 
force is generally smaller than the Coriolis force 
and mostly in the radial and tangential directions. 
Second, as the centrifugal force is proportiona1 
to the square of angular velocity of the fly, the 
sign of rotations would not be influenced by the 
centrifugal force. Third, the Coriolis force is 
proportional to the product of the angular 
velocity of the fly and the instantaneous haltere 
velocity. The Coriolis force has components in 
all three directions and contains the information 
on the axis, sign, and magnitude of the fly's body 
rotation. The angular acceleration force (mώxr) 
is proportional to the product of the angular 
acceleration of the fly and the instantaneous 
position of the haltere. Due to the 90º phase shift, 
the angular acceleration and the Coriolis force 
signals are separable. The primary inertial force 
(-ma) depends on the haltere acceleration relative 
to the fly’s body. This force is of orders of 



magnitude larger than the Coriolis force and also 
has only radial and tangential components. The 
gravitational force (mg) is always constant and 
depending on the haltere position and the fly's 
body attitude in space, its distribution varies in 
the three directions. However, because it is a 
lateral component, the effect of this gravitational 
force on the angular velocity sensing is 
negligible. For this reason, the gravitational force 
can be considered as DC offset on the Coriolis 
force and can be removed easily by the 
subsequent signal processing step. In the 
presence of an angular rotation rate about the z-
axis, a sinusoidal Coriolis force at the drive 
frequency is induced on the proof mass in the 
direction orthogonal to each drive-mode 
oscillation directions. Thus, each of the induced 
Coriolis force vectors lie in the tangential 
direction, combining to generate a resultant 
torque on the supporting frame.  [1] 

 
Structural Design 

In this study, a biomimetic vibrating 2D and 
3D MEMS Gyroscope are designed, consisting 
of two circular diaphragms with a club shaped 
structure placed over one of them. The 
inspiration comes from insects having 
specialized structure called halteres, which are 
sensitive to Coriolis force and thus used for 
maintaining the orientation. In this model there 
are two modes – driving mode and sensing 
mode. The driving force is given in the y-
direction and the displacement due to the 
Coriolis effect is sensed in the x-direction.  

 
Mobile Robotic Application 

A fundamental requirement for an 
autonomous mobile robot is the ability to 
localize itself with respect to the environment. 
With careful and detailed modeling of error 
sources gyroscopes can provide valuable 
orientation and position information for mobile 
robot applications. The principle of operation is 
to measure the Coriolis acceleration caused by 
angular rotation of a vibrating cylinder, chosen 
for its symmetry, around the principal axis.[3] 

The sensing operation is done using the 
capacitive effect. A circular plate with 0V is kept 
at the bottom of the membrane which is at 1V 
potential. When the structure deforms due to the 
electrostatic force, the membrane displaces to a 
certain extent. So the capacitance between these 

two is measured and the difference in 
capacitance from the reference value is 
calculated. This gives quantified information of 
Coriolis force that is exerted on the head of the 
structure in order to reorient it in the original 
position. 
 Another approach that can be utilized to 
maintain the orientation of the object would be a 
closed loop control system. A closed-loop 
control system utilizes an additional measure of 
the actual output in order to compare the actual 
output with the desired output response. A 
standard definition of a feedback control system 
is a control system which tends to maintain a 
prescribed relationship of one system variable to 
another by comparing functions of these 
variables and using the difference as a means of 
control.  
 
COMSOL Multiphysics Analysis 

 

 
 

Figure 4: 2D Model of MEMS based Vibrating 
Gyroscope 

 

 
Figure 5: 3D Model of MEMS based Vibrating 

Gyroscope 



 
This MEMS based vibrating gyroscope was 
modeled and simulated using COMSOL 
Multiphysics 4.1 - MEMS module.  
Materials defined: The thicker and thinner 
membranes were made of silicon. The pillar and 
head were made of polysilicon. 
 
Physics Used: 

 The Solid Mechanics physics in terms of 
boundary load was applied to the required 
boundary. In case of electrostatic force the load 
was applied to opposite sides of the thicker 
membrane, whereas in case of Coriolis force the 
load was applied to the pillar head.  
 
 
Results and Discussion 
 

 
 
Figure 6: Displacement due to Electrostatic Force in 

3D model 
 

 
Figure 7: Displacement due to Coriolis Force in 3D 

model 
 

 
Figure 8: Z axis displacement field in the thinner 

membrane due to Electrostatic Force 
 

 
Figure 9: Z axis displacement field in the thinner 

membrane due to Coriolis Force 
 

The simulated results show that the Coriolis 
force input on the structure, would cause larger 
displacement on the suspended thin layer of 
membrane than the applied pressure, which was 
defined to simulate the electrostatic driving 
force. This indicates the momentum 
amplification property of the biomimetic 
hammer shaped structure. 
 
Conclusion 
 The purpose of the research was to develop 
an effective gyroscope for guidance and control 
of mobile robots. The simulated results show that 
the displacement due to Coriolis effect, used for 
restoring the body back to its initial position, was 
greater when compared to that of the electrostatic 
force. These results let us to a conclusion, that 
this gyroscope would provide valuable 
orientation information for robotics applications. 
MEMS gyroscope technology provides cost-



effective methods for improving directional 
estimation and overall accuracy in their 
navigation systems. There is still a lot of room 
for improvement in current techniques, 
especially in increasing sensitivity. We believe 
that there will be countless other applications 
discovered for MEMS gyroscopes in the coming 
years due to their versatility and size. 
 
 
References  
 
1. D.H.B. Wicaksono, Y. Chen, and P.J. French,      
Design and Modelling of a Bio-inspired MEMS 
Gyroscope, Proceedings of the International 
Conference on Electrical Engineering and 
Informatics(2007) 
 
2. W.C. Wu R.J. Wood R.S. Fearing, Halteres 
for the Micromechanical Flying Insect , 
Department of EECS, University of California, 
Berkeley, CA 94720 
 

 
 3. Billur Barshan and Hugh F. Durrant-Whyte, 
Inertial Navigation Systems for Mobile Robots, 
IEEE Transactions on Robotics and Automation, 
VOL. 11, NO. 3, (1995) 
 
4. A. Skordos, P.H. Chan, J.F.V. Vincent, and G. 
Jeronimidis, A novel strain sensor based on the 
campaniform sensillum of insects, Phil. Trans. 
R. Soc. Lond. A. vol 360,( 2002) .  
 



<<
  /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 <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /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 <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /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


	conference-button: 


