
STUDYINCOMSOLOFTHEGENERATIONOF
TRAVELING WAVESINANAEFROBOTBY

PIEZOELECTRICACTUATION
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Abstract

Thispaperpresentsastudyofmotionofanar-
tificialeukaryoticflagellum(AEF)microrobotin
COMSOL MultiphysicsR.Themicrorobotises-
sentiallyabody,consistingofanaluminumbeam
structurewithtwopiezoelectricpatchesbondedon
itssurface.Itrequiresthesamevoltagewithdif-
ferentfrequenciesorphasesbeappliedtoeach
piezoelectricoruseoneofthepiezoelectricsasab-
sorberinordertogenerateatravelingwaveonthe
body.Differenttypesofactuationaresimulatedto
demonstratethatanon-reciprocalmotioncanbe
obtainedwiththiskindofconfiguration.

Keywords: Robot,Eukaryotic,Beam,Piezoelec-
tric,Planar Wave, Travelingwave,Simulation,
COMSOL

1 INTRODUCTION

Thefieldofsubmillimeterscalerobots(microand
nanorobots)isreceivingmuchattentionrecently
asaresultoftheadvancesintechnology.Some
examplesthatcanbefoundintheliteratureare
microrobotsthatcanaccesssmallspacesdownto
themicroscale,suchasinsidethehumanbodyby
makingexistingtherapeuticanddiagnosticproce-
dureslessinvasive[7,14],androbotsthatmanipu-
lateandinteractwithtinyentitiesoftheenviron-
mentforinspectiontasksininfrastructures[19,25]
ormachines[1],andforsearchandrescueinnat-
uralcatastrophes[9,23].Refertoe.g.[2,15,18]
formoreexamplesofapplications.

However,workingatmicroandnanoscaleinvolves
agreatnumberofchallenges,beginningfromfab-
ricationtechniques,control,waystosupplypower,
andpropulsion.Theprinciplesgoverningthede-
signofsuchscalerobotsrelyontheunderstand-
ingofmicroscalephysicsanddynamics. Tothis
respect,theReynoldsnumber(Re),arelationbe-
tweeninertialandviscousforcesaccordingtoenvi-
ronment,isanotherkeypointtotakeintoaccount
formicrorobotsdesign. Ourcurrentresearchin-
terestsareinspiredbyemulatinglocomotionofbi-

ologicalswimmers,morespecificallyofeukaryotic
cells.

Intheliteratureseveralwaysofgeneratingnon-
reciprocal motioninlowRe environmenthave
beenanalyzed. The mainkindsarebasedon
thehelicalmotionofabacterialflagellumimple-
mentedwithmagneticactuationandinternalmo-
tor[17,14],andthosebasedonthegeneration
ofplanarwavesbymeansofaneukaryoticflagel-
lum(travelingwave). Thislastkindcanbeap-
proachedwithseveralmethods:1)bydistributed
actuation[12,20,21,22],2)byactuationintwo-
point[5,6],and3)bysingle-pointactuationwith
reflectedwaveabsorption[5,6]orsingle-pointac-
tuationwithnon-uniformmassdistribution[11].
Noticethatsomeofthesemethodshavebeenin-
vestigatedinourpreviousworks.

Inthiscontext,thispaperstudiesthegeneration
ofatravelingwaveinabeam-basedartificialeu-
karyoticflagellum(referredtoasBAEF)using
piezoelectricpatchesbondedonitssurfaceand
testingdifferentkindsofactuation.Thisworkis
basedontwoideas:1)themotionofultrasonic
motors[24],whichgeneratealineartravelingwave
inafinitebeambymeansoftwo-pointexcitation
(referredtoas2PE),and2)thereductionofstruc-
turalvibrationsbyshuntinganattachedpiezo-
electrictransducerwithanelectricalimpedance
[4,13],whereonlyone-pointexcitationisneeded
(1PE).SimulationsinCOMSOLMultiphysicsare
giventodemonstratethatthedesignedbeam-
basedrobotisabletoproduceanon-reciprocal
motionforpropulsion.Aswillbeshown,thede-
signoftheflagellumconsistsofanaluminumbeam
withtwopiezoelectricpatchesbondedonitssur-
faceclosetoitsends.

Theremainderofthepaperisorganizedasfol-
lows. MotioninalowRenumberenvironment
issummarizedinSection2.Section3describes
operationprinciplesofthegenerationoftravel-
ingwaves.Section4givesthedetailsoftherobot
modeldevelopedinCOMSOLR andexplainshow
thebeamisdeformed. Resultsarediscussedin
Section5. Finally,conclusionsandfutureworks
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aredrawninSection6.

2 MOTIONINALOW
REYNOLDSNUMBER
ENVIRONMENT

Thissectionpresentsthecharacteristicsoffluid
environmentsandotherconsiderationsneededto
understandtheeffectsof microscopicscaleat
macroscopiclevel.Italsodescribesthekindsof
motionsthatallowswimminginsuchenviron-
ments.

2.1 HYDRODYNAMICS

Thehydrodynamicsof macroscopicswimming
robotsisgovernedbytheNavier-Stokesequation,
whichisdefinedforanincompressiblefluidby:

∂V

∂t
+(V·∇)V−

µ

ρ
∇2V=−

1

ρ
∇P+F (1)

wheretistime,ρandµarefluid’sdensityand
dynamicviscosity,respectively,Visthevelocity
vector,Pispressure,andFrepresentsotherex-
ternalforces. Thisequationisonlysuitablefor
regimeswithhighRe,thatmeansthattheiner-
tialterms(thetwofirsttermsontheleftof(1))
arefarhigherthanviscousterms.Thisindicates
thatsuchrobots,withinenvironmentswithhigh
Rearebasedoninertiatoswim.

However,theviscousforcespredominateoverin-
ertialatsmallscale(frommillitomicrometers),
whichresultsinalowReand,thus,swimming
robotsexperimentadifferenthydrodynamics.For
thisregime,(1)reducestoStokes’equation:

−
µ

ρ
∇2V+

1

ρ
∇P=F (2)

ThehydrodynamicsdefinedbyStokes’equation
indicatesthatthechangeofvelocitiesdoesnot
produceapropulsionmotion;thisisthecaseof
scallop,becausetheproducedinertialforcesare
negligible. Therefore,anon-reciprocalandirre-
versibleintimemotionisneedtoswim[16,14].
Toobtainatmacroscopicscalethesamebehaviour
withlowRe,allinvolvedvariableshavetobe
scaledthroughthisdimensionlessparameter.Tak-
ingintoaccountthatRecanbemathematically
expressedas:

Re=
ρVL

µ
, (3)

settingthesizeoftherobot(L),afluidwiththe
properρ/µrelationmustbeusedfortheexpected
forwardspeed(V).

2.2 PROPULSION WAVEFORMS

Thepropulsionwaveforminanenvironmentwith
lowReachievesagreatimportance.Asexplained
above,onlyanon-reciprocal motionallowsthe
propulsioninthatenvironment. Differentkinds
ofpropulsionwaveformsareobservedinbiological
swimmers. Thefirstkindisaplanar(traveling)
wavebasedonflagellaofeukaryoticcells.Itwas
studiedbyGrayandHancockin[3]anddescribed
asatravelingharmonicwave. Thesecondand
thirdwaveformsdefinetheCarangiformfishesmo-
tion(thebendingoftheirbodiesinapropulsive
wavethatextendsfromheadtotailend). This
motionwasdescribedusingatravelingwavefunc-
tionbyLighthill[10].

Thesethreewaveformscanbedescribedbythe
followingexpression:

y(x,t)=(c0+c1x+c2x
2)sin

2π

λ
(x−Vpt),

(4)
wherec0,c1andc2arethecoefficientsthatgov-
erntheamplitudegrowing,xisthedisplacement
alongthepropulsionaxis,Vpreferstothepropa-
gationspeedofthewave,andλisthewavelength.
Forplanarwaves,theamplitudeisonlygivenby
coefficientc0(theothersarezero).ForCarangi-
formswimmers,c0=0. Bychoosingadequate
valuesforc1andc2coefficients,twoimportant
propertiesforpropulsioncanbepreserved:1)the
flagellumheadisalwaysmaintainedatzeroam-
plitude(boundarycondition,i.e.,y(0,t)=0),and
2)thewaveamplitudealongtheflagellumcanbe
modulated.

Analternativewayforpreservingsuchproperties
istheuseofafractionalpowerofgrowingforvari-
ablexasfollows[20]

y(x,t)=(cxα)sin
2π

λ
(x−Vpt), (5)

wherec
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Figure1:Appearanceofthefourdifferentkindsof
travelingwaves:(a)Harmonic(b)LinearCarangi-
form(c)QuadraticCarangiform(d)Fractional
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andα∈R+ (0<α<1)isthefractionalorder
coefficientofthewave,whosevaluedetermines
thewayofgrowing.Inparticular,whenα=0,
theresultingwaveformisharmonic,whereaswhen
α=1,itresultsintheCarangiformswimmer
waveform.Thus,thiswaveformcanbealsoviewed
asageneralizationofthepreviouswaves,merging
thefeaturesfromplanartoCarangiformswim-
mingwave. Figure1depictsthefourtraveling
waveformsdescribed.

3 OPERATIONPRINCIPLESOF
GENERATIONTRAVELING
WAVE

Travelingwavearerarelyobservedonfinitestruc-
turesowingtothereflectofvibrationwaveswhen
ithitstheboundaries,whichcreatesthesuperpo-
sitionoftwotravelingwavesinoppositedirection
resultinginastandingwave.Standingwavesare
thegeneralvibrationcaseonfinitestructured,but
travelingwavescanbegeneratedundercertain
conditions:1)bystandingwavesgenerateswith
two-pointexcitation[24,6],or2)byremovingthe
reflectedwavesusingashuntingpiezoelectricwith
anelectricalimpedancetodissipatethemechan-
icalenergyconvertedinelectricalenergyprevi-
ously[13,5].Next,theformeroperationprinciple
togenerateatravelingwaveonfinitestructure
beamisdescribed.

3.1 TWO-POINTEXCITATION

Asmentioned,thestandingwaveisacaseoftwo-
waveinterference.Therefore,atravelingwavecan
begeneratedastheresultofthesummationof
twostandingwavesthatareexcitedaccordingto
certainconditions. Themechanicaldisplacement
ofthebeambetweenactuatormusthaveaspa-
tialdifferenceandtemporalphaseof90◦

Aluminium Beam

VPZ2=cos(ωt+α)

d

λ/4

andthe
excitationfrequencymustbebetweentwovibra-
tionmodes[24].Letassumethatthevoltageap-

Aluminium Beam

VPZ2

Reflected wave

R

L

(a)Two-pointexcitation

(b)One-pointexcitation

Figure2:SchemeofexcitationoftheBAEFrobot

pliedineachpiezoelectricisVPZ1=cos(ωt)and
VPZ2=cos(ωt+α),beingωtheexcitationfre-
quencyandαisthetemporaryphase.Inaccor-
dancewith[24],thephaseneededtoachievethe
formerconditionshavetobeα=π(n−m)/2with
m=±2K+1andn=±2KwithK∈ andthe
wavelengthoftravelingwavecreatedisdefinedas
λ=4d/(n+m),wheredisthedistancebetween
piezoelectrics.Aschemeofthe2MEisillustrated
inFigure2a.

3.2 ONE-POINTEXCITATION

Aluminium Beam

Reflected wave

1/R 1/L

Cp

Mechanical vibration absorber 

F(t)

ν(t)

Intwo-pointexcitation,twoactuatorsareusedas
vibrators. Thefirstproducesavibrationonthe
beamwhosereflectedwavesarecompensatedby
thesecondwithothervibrationwithdifferentspa-
tialandtemporalphase.Thegenerationoftravel-
ingwaveswithonlyone-pointexcitationisbased
onthereductionofthereflectedwaveatendof
beam. Accordingtoshuntdampingmethodolo-
gies,oneactuatorisusedasvibratorandotheras
asensortoconvertthismechanicalvibrationinto
heatingbymeansofanelectricalcircuit[13,5,4].

Themainapproachesofshuntdampingmethod-
ologiesareoftendividedinto:single-modeand
multi-mode. Thisworkonlyfocusesonthefirst.
Althoughtheyaresimpleanddamponlyone
structuralmode,theyareenoughtoreducethe
vibrationandgenerateatraveling wave. Ha-
goodand VonFlotow[4]developedageneral
shuntedmodelfortwoshuntcircuits:aresistor
circuitaloneandresistor–inductor(RL)circuits
connectedinseries. Forresistiveshunting,they
demonstratedthatmaterialpropertiesexhibitfre-
quencydependencesimilartoviscoelasticmate-
rial.Thatfrequencydependenceisminimizedwith
thesecondcircuit,whichallowstocreateanelec-
tricalresonancebyshuntingtheinherentcapac-
itanceofthepiezoelectric,andwhosebehaviour
isanalogoustothatofamechanicalvibrationab-
sorber(seeFigure3). Othershuntcircuitscom-
bineresistorandcapacitor,but,inadditionto
demonstratepoorlyperforming,alsoinvolvesa
modificationofeffectivestiffnessofpiezoelectric
transducer[13].

TheparametersoftheRLshuntcircuithavetobe
tunedtoonestructuralnode,similartothatofa

Figure3: Mechanicalequivalentmodelofshunt
circuit(massdamper)
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mechanicalvibrationabsorberandtherebygreatly
increasedtheattainablemodaldampingratio,in
aneffectsimilartoresonantvibrationabsorber[4].
HagoodandVonFlotowcalculatedarelationto
tunetheseriesshuntcircuitaccordingtovibration
modetobedamped:

R=

√
2K31

CpωDn(1+K
2
31)

(6)

and

L=
1

(ωEn)
2CSp

(7)

whereK31istheelectromechanicalcouplingfactor
definedas

K31=
(ωDn)

2−(ωEn)
2

(ωEn)
2

,

andwDn istheresonancefrequencytobedamped
whentheshuntcircuitisopen,wDn isthesame
resonancefrequencywhenthecircuitisshorted,
andCSp istheinherentcapacitanceofthepiezo-
electricmeasuredatconstantstrain,whichcanbe
calculatedas:

CSp=C
T
p(1+k

2
31),

beingCpthecapacitanceofthepiezoelectricmea-
suredatconstantmechanicalstressandk31isa
electromechanicalcouplingfactorprovidedbythe
manufacturer.

4 MODELINGINCOMSOL
MULTIPHYSICS

Thissectiongivesthedetailsofthemodelofthe
beamrobotdevelopedinCOMSOLMultiphysics
andexplainshowtoemulatethepropulsionwave-
formsofeukaryoticcells.

4.1 GEOMETRYOFTHE MODEL

0.5
0.5

24

PZ1 PZ2
Aluminium Beam

180

25.4

Thebeamartificialeukaryoticflagellarobotisde-
signedandsimulatedinCOMSOLthrougha2D
model.Itsdesignisagaininspiredbybiological
swimmers,specificallybyaspermcell.Itconsists
ofanbeamwithtwopiezoelectricpatchesbonded
onitssurfaceandclosetoitsends,asshownin
Figure4.

ThematerialchosenforpiezoelectricsisAPC-851
(NavyTypeII),whosepropertiesaresimilarto
thematerialthatwasconcludedinourprevious
work[12]asthemoreadequatetogenerateatrav-
elingwavewithdistributedactuation.Inorderto
beabletoconsideramodelin2D,thelengthof

Figure4: Modelofbeam-basedartificialeukary-
oticflagellarobot(unitsaregiveninmm)

eachpiezoelectricischosenastwiceitswidth,al-
lowingtoconsideronlythedynamicscorrespond-
ingtothedirectionparallelitslength.Likewise,
theselectionofitsthicknessisbasedonthestudy
in[6],whereitwasstatedthatthelargerthethick-
nessofthepiezoelectric,themoreimportantthe
bendingstiffnessofthesystemincomparisonwith
thebendingmomentgeneratedbythepiezoelec-
tric. Forthatreasonandwiththesecondpur-
posetoreducepowertoexcitethem,lowthick-
nessisdesired.Inwhatthematerialisconcerned,
itisusedaluminumbecauseithasbetterelastic
behaviourthanothermaterialsforthisapplica-
tion[6].Consequently,thewidthandthicknessof
robotbodyisequaltothoseofthepiezoelectrics,
whereasitslengthisthreetimesthesumofthatof
bothpiezoelectrics,tobeabletogenerateatrav-
elingwavewithdifferentwavelengths.Theprop-
ertiesanddimensionofaluminumbeam(body)
andpiezoelectricsaregiveninTable1.

Thepositionsofthepiezoelectricshaveagreat
influenceonthetravelingwaveperformance[5].
Forexample,whenthepiezoelectricsareplaced
neartothe middleofbeam,thevibrationsare
lessprogressive,andthewavelengthandnumber
ofwavesarealsoless,withwhattheperformance
ofpropulsionwavewouldbereduced. Forthis
reason,thepiezoelectricsarelocatedclosetothe
tipsofthebeam,concretlyatxpz1=24mmand
xpz2=130.6mm.

4.2 PHYSICSINTERFACES

Thesetofphysicsselectedforthisapplicationare:

•Solid mechanics,whichallowstostudythe
stressandelasticdeformationthatthebeam
issubjectedtowhenaforceisappliedover
it.Itisworthtomentionthat,forthemodel

Table1:Body(beam)andpiezoelectricproperties

Aluminum PZT-APC851

Length×Width ×Thickness(mm) 25.4×12.7×0.5 25.4×12.7×0.5
Young’smodulus(Pa) 69×109 -
Poison’sratio 0.33 -
Volumedensity(kg·m−3) 2700 7900
Relativepermittivity[ε33r] - 1900
Piezoelectricconstant[d31](mV

−1) - −175×10−12

Elasticcompliances[s11](Pa
−1) - 1.58×10−11

[s12](Pa
−1) - −1.85×10−11

ElectromechanicalCouplingFactor[k31] . 0.36
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tobehaveasfutureexperimentalsetup,cor-
rectdampingcoefficientsneedtobeapplied.
Duetothedynamicnature,andfrequencyde-
pendentdamping,Rayleighdampingisused.
Becausenoexperimentaldataisavailable,
dampingratioforaluminumcanbeapproxi-
matedasequalto0.02%[8].

•Electrostatic, whichconsiderstheelectrical
dynamicsofthepiezoelectricswhenavoltage
isappliedbetweentheirsurfaces.

•Electricalcircuit, which,togetherwiththe
electrostaticphysics,allowtomodelandin-
cludethedynamicsoftheexcitationcircuit
(2PE)andshuntcircuits(1PE),consider-
ingthepowerconsumptionanddissipation
throughtheJouleeffect.

•Multiphysics piezoelectriceffect,whichisin
chargeofinterpretingthe mechanicaland
electricalcouplingpresentinthepiezoelectric
materials.

Thus,acompletesystemisbuiltcouplingall
physics,whereamechanicalchangehasaneffect
onelectricaldynamicsandviceversa. Thedis-
cretizationofmodelisrealizedwithameshofthe
freetriangularkind.Theelementssizeissetto72
µmand360µmfortheminimumandmaximum
size,respectively. Withthisconfiguration,itis
definedasystemwith16242degreesoffreedom.

5 RESULTS

Thissectionpresentstheresultsobtainedwhen
simulatingthebeamrobotinthefollowingsce-
narios:1) modeofvibrationsofbeamandthe
influenceofthepiezoelectricsonthedynamicsof
thebeam,2)thegenerationofatravelingand
standingwavewithtwo-pointexcitation,and3)
thegenerationtravelingwavewithone-pointexci-
tation.Furthermore,theywillbecomparedwith
thecorrespondingoftheidealmotion.

Withthepurposetovalidatetheresultsinfutures
works,allstudiesarerealizedwiththebeamrobot
clampedandamaximumvoltageofexcitationfor
piezoelectricsof20V.

5.1 MODESOFVIBRATION

Thefirsstepistoknowthemodesofvibrations
ofbeamandhowtheyareaffectedbytheaddi-
tionofpiezoelectricmaterial.InTable2isshown
thetheoreticalmodesofvibrationofbeam,the
obtainedfromFEMmodelinCOMSOLandwith
theadditionofpiezoelectric. Theresultsofsim-
ulationsareagreewiththeoreticaldata,although
theresultsdriftslightlyforhighfrequencies.

Table2:Vibrationsmodes

Mode Theoretical(Hz) FEMBeam(Hz) FEMBeam+PZT(Hz)

1 12.44 13.45 11.48
2 77.97 84.39 81.41
3 218.32 236.31 215.11
4 427.82 463.02 461.34
5 707.23 765.32 867.4
7 1475.6 1596.3 1844.9
8 1964.5 2124.8 2305
14 6365.1 6872.1 6338
15 7343 7503.2 7783.4

Whenattachingthe piezoelectrics, Figure5,
wherethefrequencyresponseofbeamisdepicted
whenanforceisappliedinthefreeend. Ascan
beseen,thedynamicsonthebeamisslightlyaf-
fected,asshownin.Inaddition,Figure5alsoin-
cludesthefrequencyresponseofbeamrobotwhen
thefirstpiezoelectricisexcitedandthesecondis
shorted.Fromthislastresult,itmustberemarked
itsdynamicsissimilartotheotherswiththeex-
ceptionthatantiresonanceareremovedasresult
oftheshortedofthesecondpiezoelectric.

5.2 TWO-POINTEXCITATION

Whentwo-pointexcitationisusedtogeneratea
travelingwave,accordingtoexplainedinthesec-
tion3.1adifferenceofphasebetweenexcitations
arerequired.However,thisrequirementisneces-
sary,butnotsufficient.Iftheexcitationfrequency
isequaltooneresonancefrequency,thereflected
waveisnotcancelledandstandingwaveiscre-
ated,andthusareciprocalmotion,asshowninthe
Figure6.Therightfigureshowsaidealstanding
wavewhoseantinodessweptalternatelybetween
themaximumandminimumdeformation,andthe
leftfigureshowsthesimulationresultswithasim-
ilarbehaviour.

Therefore,aproperlyexcitationfrequencymust
bechosenbetweentworesonancefrequencies.Al-
lowingtocancelthereflectedwaveandgeneratea
travelingwave. Theresultsobtainedfromsim-
ulationforafrequencyexcitationbetween14th

and15th

100 101 102 103 104
-200

-150

-100

-50

0

Beam
Beam + PZT
1PE

resonancefrequencyareshowninthe

Figure5:Frequencyresponseofthemodelfordif-
ferentconfigurations
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(a)Displacementresultsofthesimulation. (b)Idealdisplacementoftravelingwave.

Figure6:Timeresponseoftwo-pointexcitationat14thresonancefrequency

Figure7. TheFigure7bdepictstheidealcase
wherethewavepropagatesalongthebeam,and
thusthereisnotnodesandanti-nodes,andthe
Figure7ashowsdisplacementforthenewexcita-
tionfrequency,thatcorrespondswithaprogres-
sivewave.

5.3 ONE-POINTEXCITATION
(1ME-RL)

Theresultsforonepointexcitationareshownin
theFigure8,whereitcanbeseenhowatraveling
waveisgeneratedtuningtheshuntcircuitparam-

(a)Displacementresultsofthesimulation.

(b)Idealdisplacementoftravelingwave.

Figure7: Timeresponseoftwo-pointexcitation
between14thand15thresonancefrequency.

eterswiththerelationsindicatein(6)and(7).In
contrasttotwopointexcitation,withthismethod
thepiezoelectriccanexcitedatonefrequencyof
resonancetogeneratethetravelingwave.Itisalso
worthtomentionthattravelingwaveisonlygen-
eratedbetweentwopiezoelectric,therestofbeam
showsastationarybehaviour. Thusthenumber
ofwavesorwavelengthislimitedbythisdistance,
andconsequently,thepropulsionperformance.By
theotherhand,theseparameterarealsorelated
withexcitationfrequencyandpropulsionspeed,

(a)Displacementforanexcitationfrequencyatthe
14thresonancefrequency.

(b)Displacementforanexcitationfrequencybetween
14thand15thresonancefrequency.

Figure8: Timeresponseofone-pointexcitation
withRLshuntcircuit.
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Figure9:Displacementofbeamrobotwithone-pointexcitationatthe14thresonancefrequencyandits
coding.

allowingtocontrolthislastthroughtheexcita-
tionfrequency.

Oneofthekeyaspectstobetakenintoaccount
fortheflagellummotionis,asmentionedabove,
itsnon-reciprocity[16]. Figure9showsthemo-
tionobtainedcodified(ontherightinthisfigure),
as1ifthedisplacementishigherofmeanand0
whereasitislowerorequal.Ascanbeobserved,
theflagellummotionisnon-reciprocal.Likewise,
itprovesthatexcitationmethodisenoughtomake
thedesiredmotionwithpiezoelectricactuators.

6 CONCLUSIONS

Thispaperhasstudiedthe motionofanartifi-
cialeukaryoticflagellumrobotinCOMSOLMul-
tiphysics. A2Dmodelofbeamrobothasbeen
simulatedinCOMSOLandtimedependentand
frequencystudiesweredonewiththeobjectiveto
createatravelingwaveonlimitedstructure.

Thesimulationresultsshowedthatmethodologies
presentedcanbeusedtocreateatravelingwave
withoneortwopointexcitation.Inaddition,they
determinethatasingleexcitationisenoughtoal-
lowpropulsioninlowReenvironmentsandthe
excitationfrequencycouldcontrolthepropulsion
speed.

Ourfutureworkswillgotowardstwodirections:
1)thefabricationofrobotanditstestindifferent
scenarios,and2)theimplementationofanadap-
tivefrequencyshuntcircuitandstudyofdynamic
inalowReenvironment
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