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  Abstract: TheMEMSbionicvectorhydrophone,whichhasadvantagesofhighsensitivity,broadfrequen-
cyband,vectorandhighSignaltoNoiseRatio(SNR),isonekindofunderwateracousticsignaldetectiondevice
integratingpiezoelectricityandMEMStechnology.However,tomakeafurtherstepinimprovingthepredictive
accuracyandtheresonantfrequencyofunderwateracousticsignal,optimizationdesignoftheMEMShydro-
phonebionicmicrostructureisperformedwithfiniteelementmethodinthispaper.Firstly,itcanbelearned
fromtheoreticalformulasofnaturalfrequencyandstressthatthenaturalfrequencyofbionicmicrostructureis
inversely-proportionaltotheheightofbionicciliaandthebeamlength,atthesametime,isproportionaltothe
beamwidthandthickness;Instead,thesensitivityisproportionaltothebionicciliaheightandbeamlength,and
isinversely-proportionaltothebeamwidthandthickness.Basedonthetheoreticalanalysis,maximumstress
curvesandresonancefrequencycurvesofsensorunderdifferentstructuralparametersaredrawn.Secondly,a
staticanalysiswasdonewithANSYSsoftwareandaresponsecurveofnaturalfrequencyandstresswasdrawn.
Finally,thesimulationresultsshowthatabetterperformanceofhighsensitivityandbroadfrequencybandfor
MEMShydrophonescanbeobtainedbydesigningbeamlength,width,thicknessandbionicciliaheightandra-
diusas400,80,50,1000and80μmrespectively.Thesimulationresultsandthetheoreticalanalysisarecom-
pared,andthedifferencesbetweenthemareanalyzed.
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  Withthedevelopmentofunderwateracousticdetectiontechnology,thestudyofbionicvectorhydro-
phonehasbeenaresearchfocusbothathomeandabroad[1].Asthefrequencyofunderwateracousticdetec-
tionisexpandingtohighfrequency,thestudyofunderwaterimaging,underwatertargetdetectionandun-
derwaternoisemeasurementurgentlyneedshydrophonewithhighfrequencyofhundredsofkHzorhigh-
er[2-4].Thusthedevelopmentofhighfrequencyhydrophonehasreceivedwidespreadandextensiveattention.

Bionic,whichisstudiedsystematicallyusingbiologicalmethodsanddesignedengineeringsystems,is
onedisciplineimitatingthesensitivecharacteristicsofbionics.Alargenumberofdatashowthatthefishlat-
erallinesenseorganishighlysensitivetoespeciallylowfrequencyacousticstimulation,whichprovidesa
newdesign-ideainthedevelopmentoflowfrequencyvectorhydrophone[5-7].WiththedevelopmentofM/

NEMStechnology,ithasbecomearealitytodevelopnano-scalesensor[8],whichprovidestechnicalsupport
inimitatingfishlaterallinesenseorganstodevelopgoodperformancehydrophones.

Combiningwithpiezoelectricityandbionictheory,vectorhydrophonebasedonMEMStechnologyhas
performancefeaturesofvector,highfrequency,smallsizeandpassivework.Thevectorhydrophonemicro-
structureconsistsoftwoparts:highprecisionfour-beammicrostructureandbioniccilia.However,asthe
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acousticcouplingcharacteristicsofhydrophonehavealottodowithinherentmechanicalpropertiesofcanti-
leverbeamandbioniccilia[9],theinherentpropertiesofmicrostructurewilldirectlyaffecttheaccuracyofa-
cousticsignaldetectedbyhydrophone.Tomakeafurtherstepinimprovingthepredictiveaccuracyofunder-
wateracousticsignalandthenaturalfrequency,firstlyweanalyzetherelationshipbetweenstructuralper-
formanceandsizesofMEMShydrophonebionicmicrostructureintheory,andthendooptimizationdesign
withANSYSfiniteelementmethod.Thus,acousticsignalwithahighersensitivityandbroaderfrequency
bandcanbedetected.

1 Theoreticalanalysis
Combiningwithpiezoelectricityandbionictheory,vectorhydrophonebasedonMEMStechnologycon-

sistsoftwoparts:highprecisionfour-beammicrostructureandbioniccilia.Abionicciliaisfixedinthecen-
terofthefour-beam microstructureandthepiezoelectricfilmonthebeam.Underwateracousticsignalin
transitionwillcausethevibrationofwaterparticlesandthebionicciliawillswingundertheforceofwater
particles,therebytransmittingthisforcetothesensitivebeam.Thuspiezoelectricfilmwilloutputchargeon
theactofwaterparticlepower.Solongasunderwateracousticsignalcanbegotbythebioniccilia,piezoe-
lectricfilmwoulddetectthesignal.
1.1 Sensitivityanalysis

ThestaticcharacteristicofMEMShydrophonebionicmicrostructureismainlydecidedbytherigidityof
bionicciliaandfourcantileverbeams.Whenforceisloadedontothebioniccilia,itwillleanontheforceand
willbetransmittedtothecenterconnectorwhowillrotatewithituntilthereactingforcefromfour-beamcili-
aisbalancedwiththeactingforcefromthecilia.ThebionicmicrostructureisshowninFig.1anditsme-
chanicalanalysismodelisshowninFig.2.

Fig.1 MEMSbionicmicrostructure Fig.2 Mechanicalanalysismodel

Accordingtoreference[10],thestressundertheactionofbendingmoment(M)andhorizontalforce
(F)oncantileverbeamofanypointcanbeexpressedasfollows

σ(x)=±L2+3aL-3x(a+L)
2
3bt

2(L2+3aL+3a2)
M±FH

bt
(1)

whereFH=mg,andmisthemassofbioniccilia,L,bandtarethelength,widthandthicknessofcantilever
beamrespectively,2aisthesidelengthofthecentreconnectorandMisthebendingmomentonthecentre
connector.Becausethemaximumstressonbeamisproportionaltothesensitivityofbionicmicrostructure,

differentmaximumstressesonthebeamcanbegotbychoosingdifferentsizesofthebeamandbioniccilia.
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1.2 Resonancefrequencyanalysis
Accordingtoreference[10],theresonancefrequencyofbionicmicrostructurecanbeexpressedasfol-

lows

f=12π
K
m =12π 2Ebt3

mLh2(
a2
L2+a

L +13
) (2)

wherehistheheightofbionicciliaandEisaconstant.It’seasytofindthattheresonancefrequencyofmi-
crostructureiscloselyrelatedtoitssize,differentnaturalfrequencyofmicrostructurecanbegotbychoosing
differentsizesofthebeamandbioniccilia.Fig.3showsthemaximumstressonbeamandnaturalfrequency
indifferentsizesofbionicmicrostructure.

Fig.3 Characteristiccurvesofdifferentmicrostructuresizes

Thesefiguresshowthatthenaturalfrequencyofbionicmicrostructureisinversely-proportionaltothe
heightofbionicciliaandthebeamlength,atthesametime,itisproportionaltothebeamwidthandthick-
ness;Instead,thesensitivityisproportionaltothebionicciliaheightandbeamlength,andisinversely-pro-
portionaltothebeamwidthandthickness.However,inthepracticalapplication,highsensitivityandbroad
frequencybandarehopedatthesametime.Consideringthehighfrequencycharacteristicofpiezoelectricity,

theresponsefrequencyissetas120kHzaroundwherethereisgoodlinearity.Finallythepreferredmicro-

Fig.4 Finiteelementmodelofmicrostructure

structureparametersaredesignedasthelength,widthandthicknessof
cantileverbeamare300,50and40μmrespectively,andtheheightof
bionicciliais1000μm.

2 Finiteelementanalysis
ANSYSisappliedtoanalyzetheeffectofthecantileverbeamand

thebionicciliaontheMEMSbionicvectorhydrophone.First,estab-
lishthefiniteelementmodelofsensitivestructure,andthendostatic
analysisandmodalanalysis.ThefiniteelementmodelofMEMSmicro-
structureisshownasFig.4.
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Staticanalysisofstructureisusedtocalculatetheresponse,suchasdisplacements,strainsandstresses,

inacertainfixedpower,namelyanalyzingthestructuralchangedbytheforce.Modalanalysisofstructureis
generallyusedtoanalyzethevibrationperformanceofdesignedstructure,thatistosay,thestructuralfre-
quencyresponseandmodalcanbeacknowledgedbymodalanalysis.

Consultingthehydrophonebionicmicrostructureanditsstructuralparametersmentionedabove,wedo
staticanalysisandmodalanalysisusingfiniteelementsoftware.Maximumstressandresonancefrequency
curvesofmicrostructureunderdifferentparametersaredrawnasFig.5.

Fig.5 Characteristiccurvesofdifferentmicrostructuresizes

It’sobviousthatwithdifferentstructuralparameters,themaximumstressandnaturalfrequencyofmi-
crostructureshowtheoppositetrends,whichisconsistentwiththeoreticalanalysis.ByanalyzingFig.5,the
preferredmicrostructureparametersaredesignedwiththeradiusandheightofbionicciliabeing80and1000

μmrespectively.Buttheoptimalvaluesoflength,widthandthicknessofcantileverbeamcan’tbegotsim-
ply,howeveritcanbelearnedthattheyarearound300,70and50μmrespectively.

Tomakeafurtherstepinconfirmingstructuralparameters,wedostaticanalysisbasedonupdatingthe
maximumsizescombiningwithcontrolvariatemethodanddrawresponsecurvesofnatural-frequencyand
stresswhichareshowninFig.6.

Fig.6 Characteristiccurvesofdifferentcantileverbeamsizes

FromFig.6,consideringthesensitivityamongacertainfrequencyband,abetterperformanceofhigh
sensitivityandbroadfrequencybandforMEMShydrophonescanbeobtainedbydesigningbeamlength,

width,thicknessandbionicciliaheightandradiusas400,80,50,1000and80μmrespectively.
Bycomparingtheresultsofsimulationandoftheoreticalanalysis,itwillbefoundthatthenaturalfre-

quencyoftheoryishigherthanthesimulationvalue.Intheformulaofnaturalfrequencyofbionicmicro-
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structure,itcanbeknownthatresonancefrequencyisinversely-proportionaltoitseffectivemass.Butcon-
sideringthatthemassoffour-beamismuchlighterthanthatofbioniccilia,four-beammassisignoredinap-
plications.Sotherearesomedifferencesbetweenthem.Forallthese,theresultsoftheoreticalanalysisand
finiteelementanalysisshowconsistencyinthewholetrend,whichconfirmsthevalidityoftheoryformulasof
microstructuremaximumstressandnaturalfrequency.

3 Conclusion
Accordingtothefour-beammicrostructureofMEMSbionicvectorhydrophonedevelopedbyNorthUni-

versityofChina,therelationshipbetweenstructuralperformanceandstructuralsizesoffourbeamsand
bionicciliaisanalyzedintheory.ModelingandsimulationofMEMShydrophonebionicmicrostructureindif-
ferentsizeshavebeendonewithANSYS.Bycomparison,optimumstructuresizesoffour-beammicrostruc-
tureareaccepted.Atthesametimethecorrectnessofthetheoreticalanalysisisverified.Optimizationde-
signofMEMShydrophonebionicmicrostructuremakesfortherealizationofhighersensitivityandbroader
frequencybandinunderwateracousticdetection.
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  摘 要: 结合压电原理和仿生学理论,利用 MEMS工艺制作的仿生矢量水听器,具有高灵敏度、宽频带、矢量性及高信噪

比等特点。为了进一步提高水听器预测水下环境中声学特性的准确性并提高其固有频率,利用有限元方法对 MEMS水听器仿

生微结构进行优化分析。首先,对仿生微结构固有频率和灵敏度与其结构尺寸关系作了理论分析并画出不同微结构尺寸下的固

有频率和最大应力曲线。其次,运用ANSYS软件对仿生微结构进行有限元仿真并画出固有频率和最大应力响应曲线。对比分

析理论与仿真结果,得出当悬臂梁长、宽、厚及仿生纤毛的高度和半径分别为400,80,50,1000和80μm时,MEMS矢量水听器

的性能得到最优化,同时对理论与仿真结果的差异进行了分析。
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