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Abstract:

MEMS based energy harvesting is process of
extracting energy from natural resources in small
amounts. Here, number of (millions) small energy
harvesting modules lead to substantial energy.
Since conventional batteries have limited life time
power, one needs a device which generates power
for longer period. Many systems such as, wireless
sensor networks, portable electronics, cell phones,
etc., can use this technology as a power source.
This will be essentially a clean, free and
maintenance-free energy source throughout the
lifetime of the device [1-4]. A MEMS based energy
harvesting device is designed and modeled to
convert beta particle energy to electrical energy via
piezoelectric effect. The length, width and
thickness of cantilever are 500m x 100m X 2/m
[1]. This Cantilever beam resonates at a frequency
of 110 KHz and an output voltage obtained is
0.0956 V. The proposed device is found to be
suitable for beta particle energy harvesting and can
be used as potential micro-generator.

Key Words: Energy harvesting, piezoelectric transducer,
micro battery.

1. Introduction:

The micro cantilever tip is exposed to nuclear
radiation from lower side with piezo material
attached at the top cantilever as shown in
Figure.1[2]. Hence its lower surface becomes
negatively charged because of emission of
electrons from radioactive element underneath.
Thus there is an attraction between base and the tip.
Once, sufficient numbers of electrons are collected,
gradually the cantilever bends and discharges the
electrons by physical contact. Now the electrostatic
attraction disappears and setting cantilever into
oscillation. The piezo attached to it also oscillates
and the mechanical stress in the piezoelectric plate
creates an imbalance in its charge distribution,
resulting in an electric current or voltage. In such
devices radioisotope like nickel-63 or tritium (milli
curie range), which contains enough energy to
power a MEMS device for decades can be used [2].
They emit so little radiation that they can be safe
with only two to three millimeter of leather
covering.

2. Modeling using COMSOL Multiphysics:

A MEMS based energy harvesting device is
modeled to convert beta particle energy from
radioactive isotope to electrical energy by
piezoelectric effect. The thickness, length and
width of metal and ZnO are varied to get maximum
displacement and voltage. The cantilever is made
of copper with dimensions 500pmx100 pmx2 pm.
The copper material and its thickness 2 um were
chosen to capture most of the electrons [1].

Figure 1. Basic principle of operation of nuclear
radiation based energy harvesting device using
piezoelectric transducer [2].

Methods

The model is developed using piezoelectric
application mode for the simulation of the mechanical
and the electrical behavior of the converter when a
voltage is applied using electrostatic application
mode. Computing the mesh deformation with the
arbitrary Lagrangian Eulerian (ALE) technique.

3. Device Structure

A 3D geometry is considered for the simulations.
The piezoelectric converter has a bimorph
cantilever shape, as shown in Figure. 2. The device
is made by a copper cantilever with a piezoelectric
layer ZnO on the top with air cavity of 2um
between micro cantilever and radioactive source.



In this design, a piezoelectric material is used to
scavenge energy from natural resources like
radioactive source. COMSOL Multiphysics is used
to model and simulate a micro cantilever with a
layer of piezomaterial. The Figure.2 shows
designed model of nuclear radiation based energy
harvesting device using piezoelectric transducer.
Piezo electric material used is zinc oxide (ZnO).
The oscillating voltage is given as input to copper
plate which models and simulates radioactive
source. The model development and analysis is
done using COMSOL Multiphysics.
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Figure 2: 3D model of nuclear radiation based energy
harvesting device using piezoelectric transducer.

4. Radioactive source and its modeling

A B source made of ®Ni is used as the radioisotope.
The half life of ®Ni is 100.2 years. The B particles
(electrons) emitted have an average energy 17.3
KeV and maximum energy of 67 KeV.

vV = q
drre (1)

Where V is the applied voltage which is equivalent
to radioactive source, V=14.70V is selected such
that maximum voltage is observed across the
piezoelectric material with deflection of 2um and r
is initial gap between micro cantilever and
radioactive source. According to this, theoretical
number of charges required to generate a potential
difference of 14.70 V is 20391 beta particles
(electrons).

5. Meshing

The meshing done using the mapped mesh
parameters by selecting sub domains of copper
cantilever ,piezo and copper plate(radioactive
source), with extra finer meshing between these
areas where the sub domain for air is not selected
to reduce the number of degree of freedom and
thereby simulation time. A convert selected is
considered for the meshing interior region of the
selected structure and meshing for sub domain of
air is done by selecting mesh remaining free tool.
The mesh is composed of 3016 quad elements for
34736 degrees of freedom.

Figure 3. Nuclear radiation based energy harvesting
device using piezoelectric transducer mesh.

6. Governing Equations:

In a piezoelectric energy converter based on a
flexure cantilever, with the structure as shown in
Figure 2 [6], the piezoelectric layer works in a
transversal mode and therefore it is governed by
the following equations written in the strain-charge
format:

S =s°T +dE
@
D=¢"E+dT

In eq. (2) S is the mechanical strain vector, s° the
elastic compliance tensor (Pa™), T the mechanical
stress vector (Nm™), D the electric displacement
vector (Cm™), €' the dielectric permittivity tensor
(Fm™), E the electric field vector (Vm™) and d the
transverse piezoelectric coefficient tensor (CN™).
For the substrate layer only mechanical behavior
was considered using the following stress-strain
relationship:

S =sT

Analysis can be chosen arbitrarily provided it does
not exceed the linear operation region of the
piezoelectric converter.

7. Sub domain conditions

The geometry is made of three subdomains: One
subdomain for the substrate layer, one for the
piezoelectric layer and one for copper plate. The
substrate was made of copper using the decoupled
isotropic material which as the following value:
E=120GPa, v=0.34, p =8960Kg/m™.

The piezoelectric material ZnO using strain charge
form as following properties



Elastic Compliance matrix

79 34 22 0 0 0
34 79 22 0 0 0
= 22 22 69 0 0 0 102pgt
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Coupling matrix
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d=l 0 0 0 -11 0 0 [x10“CN*
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Relative permittivity matrix

916 0 0
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0 0 1264

Density
p =5680Kg/m?

8. Boundary conditions

Piezo Solid model: one end of the cantilever is
fixed while other is left free for vibration.
Therefore the fixed constraint condition is applied
for the vertical faces of both the layers, while all
the other faces are left free for displacement. In
order to pole piezo electric layer in direction 3, the
electrical behavior of the ZnO must be considered
and it is modeled with the electric boundary
conditions. £33 mode shown in Figure 3 is selected
by making floating potential for the upper face and
grounding lower face of the ZnO layer and for 233
clamp vertical face and freely suspended vertical
face are selected as floating and ground potential
respectively. An input voltage is applied on upper
face of the radioactive source (copper plate) using
electrostatic application moqe.

Figure 4. Operating modes of nuclear radiation based
energy harvesting device using piezoelectric transducer
mesh

9. Geometrical Optimization and Results:

The displacement of the free tip of the nuclear
radiation based energy harvesting device using

piezoelectric transducer, the open circuit voltage
and the generated charge collected on the
electrodes were computed for piezoelectric layer
thickness varying from 2 um to 4 um. The obtained
tip displacement is shown in Table 2 and Figure 4
and 7. Length of piezo is also varied from 500 pm
to 50 um to get a deflection of 2 um and maximum
voltage as shown in Table 1 and Figure 6 and 7

The length and thickness of piezoelectric is varied
to scavenge maximum voltage developed across
the piezoelectric with applied voltage of 14.7v
which is equivalent to radioactive source.

Table 1: VVoltage developed across piezoelectric material
and deflection observed at the tip (for a fixed length of
micro cantilever and varying piezo length)

SL. | Length | Voltage | deflection
no | (um) V) (m)
1. 500 | 0.0956 2.001
2. 450 | 0.0963 2.011
3. 400 | 0.0935 2.036
4. 350 | 0.0916 2.149
5. 300 | 0.0783 2.477
6. 250 | 0.0679 3.092
7. 200 | 0.0627 4214
8. 150 | 0.0506 6.125
9. 100 | 0.0132 8.539
10. 50 0.0654 12.05

The length of piezo is choosen to be 500 pm as it
gives maximum voltage of 0.0956V and deflection
of 2 um.The optimized geometry of piezo electric
material is 500 umx2 um. plot of applied voltage
versus Z displacement is shown in Figure 8

Table 2: voltage developed across piezoelectric material
and deflection observed at the tip (for a fixed length of
micro cantilever and varying piezo thickness)

SL. | Thickness | Voltage | Deflection
no | (um) V) (m)

1 2.0 0.0956 | 2.001

2 2.5 0.148 | 1414

3. 130 0.164 | 1.032

4 3.5 0.166 | 0.773

5 4.0 0.171 | 0.595
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Figure 5 : plot of electric potential developed versus
thickness of piezo layer.

The thickness of piezo is choosen to be 2um as it
gives maximum voltage of 0.0956V and deflection
of 2um.
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Figure 6 : plot of electric potential developed versus
length of piezo layer.

Figure 7 : Simulation result of nuclear radiation based
energy harvesting device using piezoelectric transducer
showing displacement.
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Figure 8: plot of applied voltage versus Z displacement
11. Discussion:

The radioisotope thin film is the source of the
current which is important for determining the
reciprocation period. In general, radioisotopes emit
alpha, beta particles and gamma rays. To avoid
possible radioactive hazard with high energy alpha
particles and deep penetrating gamma rays,
radioisotopes that only emit low energy beta
particles should be used. Table 3 shows some beta
emitters with their half life and specific activity.
The half life determines the useful length of time
over which the described self-reciprocating
actuator will work. Short lifetime sources are
probably not important as chemical batteries e.g.,
lithium or other primary cells could effectively
compete except for applications requiring high-
temperature operation. However, long lifetime
sources provide functionality over a period which
is likely to be much larger than the shelf life of
chemical batteries. Another parameter to qualify
the source is the specific activity, which indicates
the amount of mass needed to achieve a given
activity. The smaller the specific activity, the larger
the possible activity for a fixed mass. A related
measure is the activity volume density listed as the
last column in Table 3. Since deposition of source
thin films will normally be in microns of
dimensions, we can use the activity volume density
to quickly estimate possible maximum activity.
From the table, *°P has the highest volume density;
however the short half lifetime makes %P less
attractive. Another figure of merit is the penetration
depth of the electrons into the cantilever material,
which is tabulated as the last column in Table 3.
For optimum charge capture, one would like to
choose a material with a small absorption depth or
isotopes with low electron energy. According to the
table, nickel and ruthenium are good beta emitters
for thin cantilevers. In this article we concentrated
on ®Ni as it is easily electroplated and is
commonly used in MEMS fabrication.



Table 3. Beta emitting radioisotopes, the last column is the estimated range of electron penetration in copper [9].

Radioisotope Average energy Half life Specific activity Activity Estimated range
(KeV) (Year) (9/mCi) Volume density in copper (mm)
(MCi/pum?)
BN 17.4 100.2 1.763x107 5.06x107 14
325 68.8 170.1 1.543x10° 1.15x10”7 107
gy 195.8 28.8 7.25x10° 3.50x107 332
Ry 10.03 1.06 3.03x107 4.08x107 5
32p 694.9 0.04 3.50x10° 5.20x107 1344

12. Conclusions:

An electrostatic cantilever actuated by radioisotope
emitted electrons has been modeled and simulated.
The long half life of the source enables the
cantilever to be used as an electromechanical
transducer for long run applications. Furthermore,
the temperature insensitivity of the radioisotope
charge particle emission might enable extreme high
or low temperature operation, not possible with
chemical batteries. The developed and simulated
model is capable of generating 0.0956 V and
occupying volume of 0.3x10%* m® 38 such
cantilevers occupying a volume of 11.1x10™%? m? to
generate 3.7V (mobile phone batteries).

13. Acknowledgements

The authors wish to thank M. Guizzetti, Suyog N
Jagtap and Roy for helpful suggestions during
modeling and simulations.

References:

1. Hui Li, Amit Lal, James Blanchard,
Douglass Henderson, “Self reciprocating
radioisotope powered cantilever”, journal
of applied physis, volume 92, and no.2, 15
July 2002, pp-1122-1127.

2. Amit Lal & James Blanchard, “The
Daintiest Dynamos”,IEEE  Spectrum,
sept.2004,pp-38-41.

3. B.G Sheeparamatti, J.S. Kadadevarmath,
R.B. sheeparamatti, “Modelling of
Microcantilever based nuclear
microbatteries”, NSTI Nanotech-2008,
11" Annual Conference, 1-5 June 2008,

Boston, USA.

4. Brian.D. Hahn. Daniel T.Valentine
“essential Matlab for engineers and
scientists”, pp-309-311.

5. Suyog N Jagtap and Roy Paily,

“Geometry Optimization of a MEMS-
based Energy Harvesting Device”
Proceeding of the 2011 IEEE Students'

Technology Symposium 14-16 January,
2011, T Kharagpur.

M. Guizzetti, V. Ferrari, D. Marioli and T.
Zawada, “Thickness optimization of a
piezoelectric  converter  for  energy
harvesting,” Proceedings of the COMSOL
Conference, 2009.

W. Liao and T.H.NG, “Sensitivity
analysis and energy harvesting for a self
powered piezoelectric sensor,” Smart
Structures Laboratory University of Hong
Kong, vol. 16.

Rajesh Duggirala, Ronald G. Polcawich,
Member, IEEE, Madan Dubey, and Amit
Lal, Member, IEEE “‘Radioisotope Thin-
Film Fueled Microfabricated
Reciprocating Electromechanical Power
Generator” Journal of micromechanical
systems, VOL. 17, NO. 4, AUGUST 2008
Stopping Powers for Electrons and
Positrons, International Commission on
Radiation Units and Measurements, 1984.




<<
  /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: 


