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Abstract: In this paper, three dimensional finite 
element coupled electro-thermal and electro-
mechanical analysis of a vacuum gauge based on 
Knudsen’s forces is presented. Simulations have 
been performed using COMSOL 3.5a. 
Analytically derived expression for Knudsen’s 
forces has been used as the starting point for 
designing the vacuum gauge and the effect of 
various parameters on the performance of the 
vacuum gauge has been studied carefully for 
optimization.  
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1. Introduction 
 
  Martin Knudsen [1] first demonstrated the 
‘absolute manometer’ based on radiometric 
forces or thermal molecular pressure. Knudsen’s 
manometer consisted of two parallel plates 
separated by a distance (d) much less than the 
ambient gas mean free path (λ). One of the plates 
can be heated and is fixed whereas the other is 
suspended by a sensitive support. According to 
the kinetic theory of rarified gases, heating one 
of the plates above the temperature of the 
surrounding walls causes a repulsive force to be 
exerted on the other plate and this force is 
proportional to the ambient pressure. The force 
on the suspended plate is then a measure of the 
gas pressure. 
  Ali et al. [2] showed that these forces can be 
measured using microcantilevers in the 
capacitive mode and also derived an analytical 
formula for these forces on microcantilevers [3]. 
  In this paper, we design a miniaturized 
Knudsen type vacuum gauge using two 
suspended membranes, one designed as a heater 
with a very high spring constant and the other as 
a movable membrane with a serpentine spring 
support. The top view and the cross-section view 
of the basic structure are shown in fig 1 and fig 
2.    
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Figure 1. Top view of the designed Miniaturized 
Knudsen type vacuum gauge 
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Figure 2. Cross-Section view along X-Y of the 
designed structure 
 
  The working of the designed structure is similar 
to the conventional Knudsen vacuum gauge. The 
heater in the designed structure is a polysilicon 
resistor and the membrane is also made of 
polysilicon. Passing current through the heater 
increases the temperature due to Joule heating. 
This creates a temperature gradient from the 
heater to the suspended membrane. The 
membrane then moves away from the heater 
changing the capacitance of the heater-
membrane assembly. The capacitance can then 
be measured to estimate the pressure.       
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  The analytical expression describing the 
Knudsen’s force derived for a cantilever facing a 
substrate (fig 3.) is given by equation (1). 
                               
     act        tc                                                              Cantilever       
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Figure 3. Cantilever-Substrate assembly for which the 
equation 1 is derived 
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  Where pr is the ambient pressure, as acb and act 
are the thermal accommodation coefficients of 
the substrate, cantilever surface facing the 
substrate, cantilever surface away from surface, 
ts and tc are the cantilever and substrate 
temperatures normalized to ambient temperature. 
Thermal accommodation coefficients are a 
measure of the fraction of the heat transferred 
between the surface and the molecule. A thermal 
accommodation coefficient of unity implies that 
the molecule temperature is equal to the surface 
temperature after a collision.  
  Equation (1) can be used for calculating 
Knudsen’s forces on our designed membrane by 
replacing the substrate temperature with the 
heater temperature and the cantilever 
temperature with the membrane temperature.  
 
2. Simulation in COMSOL 
 
2.1 Simulation procedure and complete 
structure 
 
  The simulation of the designed structure was 
done using two different models. The first model 
was used to obtain the temperature profile and 
average temperature of the designed structure 
using coupled electro-thermal simulations. The 
model calculates the temperature profile of the 

heater and the membrane for different ambient 
pressures and applied heater voltages. 
  The second model was used to obtain the 
deflection of the membrane using electro-
mechanical simulations. The forces acting on the 
membrane are electrostatic force, Knudsen’s 
force and the membrane spring restoring force. 
All the forces are taken into account to obtain the 
deflection of the membrane at different 
pressures. The model returns the surface charge 
concentration on the heater and the membrane 
for different applied voltages. Integrating the 
surface charge concentration divided by the 
potential difference between the heater and the 
membrane over the entire heater surface gives 
the capacitance between the heater and the 
membrane.  
  The designed structure has four heaters 
connected together in parallel and four 
suspended membranes, one over each of them. 
The membranes are also connected to each other 
to increase the change in capacitance of the 
gauge for a given pressure. The heater area is 
525 µm x 525 µm with 100 symmetrically 
spaced etch holes. Different spring constant 
structures are tested.          
  The top view of the complete structure is shown 
below 

 

 
 
 
Figure 4. Top view of the complete structure   

 
2.2 Electro-Thermal model  
 
  The top view of the designed heater is shown in 
fig 5. The heater is made of doped polysilicon 
deposited over silicon dioxide which forms the 
anchor for the suspended heater. 
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Figure 5. Top view of the polysilicon heater and the 
voltage at different points on it for 4V applied across 
points 1 and 2.   
 
  The polysilicon with etch holes in the center 
forms the suspended heater which can be 
released by sacrificial oxide etching. The rest of 
the polysilicon is designed to provide equal 
voltage drop across the heaters to have uniform 
surface temperature. 
   The schematic of the model used for three 
dimensional simulations is shown in fig 6.  
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Figure 6. Schematic of simulated heater model used 
for simulation 
 
  Since the structure is placed in vacuum, all 
surfaces can be assumed to be thermally 
insulating except where the oxide anchors 
contact the substrate and the air gaps between the 
membrane and the heater and the membrane and 
the substrate. The heat loss through the air gaps 
is a function of pressure because thermal 
conductivity of air depends on the pressure as 
given by the relation [5] 
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  Where kair,o is the thermal conductivity of air at 
room temperature (298K), T is the average 
temperature of the two surfaces between which 
the air gap is present.  
  The substrate temperature is taken as equal to 
the ambient gas temperature. Thermal isolation 
boundary condition is applied for all the 
boundaries except where the oxide anchors meet 
the substrate where constant temperature 
boundary condition is applied (equal to substrate 
temperature). The complete meshed structure is 
shown in fig 7 and the generated temperature 
profile is shown in fig 8. 
   Thermal conductivities of the materials silicon, 
silicon dioxide, and polysilicon were taken as 
150 W/(m.K), 1.4 W/(m.K) and 40 W/(m.K). 
The electrical resistivity of the polysilicon heater 
is taken as 3 x 10-5 Ω.m and the thermal 
coefficient of resistance is 5 x 10-3 /K. The 
values were taken from [4] and COMSOL 
material library. 

 
Figure 6. Meshed complete sensor structure for 
electro thermal simulation 
 

1 

2 

Membrane    T=Tm 

       

   Polysilicon heater  T = Th 

 Substrate   T = Ts = Tg 

Vh 

Q1 

          Q2 



 
 
Figure 8. A slice plot showing the temperature profile 
of the top of the heater surface and bottom of the 
membrane 
 
2.3 Electro-Mechanical model  
 
  The schematic used for electro-mechanical 
simulation is shown in fig 9. The electric 
potential distribution of the heater and the 
potential of the membrane are given directly as 
inputs to the model. The average heater 
temperature and the average temperature of the 
top and bottom surface of the membrane 
obtained from the simulation in the previous 
model are used for calculating Knudsen’s force 
and this force is applied as a uniform force on 
the bottom surface of the membrane. Once the 
deflection of the membrane is obtained, the 
capacitance is found by integrating the surface 
charge density divided by the electric potential 
over the heater surface.  
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Figure 9. Schematic of simulated membrane model 
used for simulation 
 
  The complete meshed structure is shown in fig 
10 and the generated deflection is shown in fig 
11. 

 
Figure 10. Meshed structure used for electro thermal 
simulation 

 
Figure 11. A boundary plot showing the z-deflection 
of the membrane for a pressure of 100Pa and a heater 
voltage (Vh)=0.6V 
 
3. Results and Discussion  
 
    Our main objective for the simulations was to 
find the optimized values of the heater voltage, 
membrane voltage and spring constant of the 
membrane for which the structure gives best 
performance for a given separation of the heater 
and the membrane. Ideal characteristics would be 
a low heater and membrane voltage, high heater 
and membrane temperature and a low spring 
constant. With a little analysis it can be seen that 
the spring constant of the beam is the dominant 
parameter and, once specified, it determines all 
the other parameters. 
  The spring constant defines the pull-in voltage 
of the heater membrane assembly (since gap is 
already fixed). Since the heater voltage cannot 
exceed the pull-in voltage, it is limited which 
again limits the maximum temperature that can 
be obtained. 
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   It has to be noted that the pull-in voltage here 
is slightly different from the usual case as there 
is a voltage gradient in one of the plates (the 
heater). Also for maximum sensitivity, we want 
low electrostatic forces. It can be shown 
mathematically that for an applied heater voltage 
Vh (fig 9), minimum electrostatic force exists 
between the membrane and the heater for a 
membrane voltage of Vh/2. 
 
3.1 Pull in voltages for different spring 
constants 
         
  The spring constant of the structure was varied 
by varying the thickness of the polysilicon 
membrane from 0.2µm to 2µm for a given spring 
structure. Details of the spring structure and 
membrane are given in fig 12. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12. The membrane and serpentine spring 
constant structure used for pull-in voltage calculations 
 
  The pull in voltages obtained for different 
thicknesses of the membrane with serpentine 
springs is shown in figure 13.  
 

 
Figure 13. Pull in voltage variation for a given spring 
structure for varying thickness 
 
   For stable operation, the voltage applied to the 
heater has to be less than the pull-in voltage. 
Nominally, two thirds the pull-in voltage was 
chosen for finding temperature profiles.  
 
3.2 Temperature gradients for different 
pressure and voltages 
  The average temperatures of the heater surface 
and membrane for different applied heater 
voltages and for various values of pressure are 
shown in fig 14. Note the fall in heater 
temperature as pressure increases. This is due to 
effective cooling of the heater by air between the 
substrate and the heater. The increase in the 
temperature of the membrane is also due to 
increased heat conduction of the air gap between 
the heater and the membrane.  
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Figure 14. Average temperature of heater (shown in 
blue) and membrane (shown in red) for (a) Vh=3.3V 
 (b) Vh=1.5V (c) Vh=0.6V 
 
    The average temperatures dependence on the 
input voltage is shown in fig 15. 
 

 
 
Figure 15. Average temperature of heater as a 
function of applied voltage 
 
 
3.3 Capacitance variation with pressure 
 

      The capacitance variation with pressure for 
different beam thickness is shown in fig 16. 
From the curves it can be easily seen that a 
membrane with lower spring constant and lower 
voltage applied to the heater offers better 
performance as it has the same capacitance 
variation as the membranes with a higher spring 
constant consuming less power in doing so and is 
slightly more sensitive in the given range 
compared to the higher thickness membranes in 
spite of the higher temperatures. 
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Figure 16. (a)Capacitance variation with pressure for 
the designed structure with Vh=0.6V. (b)Comparision 
for 3 different thicknesses for a single membrane and 
heater assembly  
    
4. Conclusions 
 
     A three dimensional finite element model has 
been developed for modeling a miniaturized 
Knudsen type pressure gauge. The net change in 
capacitance is about 0.7 pF. A parallel 
combination of four such sensors makes the 



change 2.8 pF. Commercial capacitance to 
digital converters like Analog Devices AD7745 
CDC have a resolution of 4 aF. At a pressure of 
10 –3 Pa (10-5 mbar) the capacitance changes by 
24 aF from the capacitance value at zero pressure 
for a 1 µm thick polysilicon membrane. The 
minimum detectable pressure should then be in 
this range. 
     From the results it is seen that the inherent 
nonlinearity of the system is responsible for the 
wide operating range of the sensor. The structure 
can be fabricated using surface micromachining 
techniques. 

This work was carried out at the NPMASS 
design center, Microelectronics and MEMS 
Laboratory, Department of Electrical 
Engineering, IIT Madras, Chennai.  
 
5. References  
 
1. M. Knudsen, “Ein Absolutes Manometer,” 
Ann. Phys. Lpz. , 4, 809 (1910).  
2. A.Passian, R.Warmack, A.Wig, R.H.Farahi, F. 
Meriaudeau, T.L.Ferrell, and T.Thundat, 
“Observation of Knudsen effect with 
microcantilevers,” Ultramicroscopy, 97, 401 
(2003). 
3. A.Passian, R.Warmack, A.Wig, F. 
Meriaudeau, T.L.Ferrell, and T.Thundat, 
“Knudsen forces on microcantilevers,” J. Appl. 
Phys., 92, 6326 (2002). 
4. Stephan D. Senturia, Microsystems Design, 
Boston:Kulwer Academic Publishers,2001, pp 
636.  
5. J. A. Potkay, G. R. Lambertus, R. D. Sacks, 
and K. D.Wise, “A low pressure- and 
temperature- programmable mGC column,” 
Solid-State Sensor, Actuator and Microsystems 
Workshop, Hilton Head Island, SC, USA, June 
2006.  
 
 



<<
  /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: 


