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On the designof efficient micro air vehicles

K. D. Jones& M. F. Platzer
Departmenbf Aeronautics& Astronautics,
Naval PostgraduateSdiool, USA.

Abstract

In the pastfew yearsaeronauticaéngineerdave recognizedhe possibility of
building very smallair vehicles so-calledMicro Air \ehicles(MAVS), in response
to specificmilitary and commercialneeds.Remotelycontrolledor autonomous
MAVs aredifficult to detectbecausef their small size andlow noiseemission
or, if detectedthey maybe mistakerfor smallbirdsor insects.Yetvideocameras
andothersensordiave becomeso miniaturizedin recentyearsthatit is possible
to mountthemon MAVSs for the purposeof transmittinginformationwhich may
be difficult to obtainin otherways.In this paperthe authorsfirst explain various
aspectf the physicsof thrustgeneratiordueto wing flappingandthenreview
the majorcomputationabndexperimentalkresultswhich they achieved duringthe
pastfew years.They concludewith a descriptionof their MAV whichis currently
underdevelopment.

1 Intr oduction

Althoughearlyflight pioneerssuchasO. Lilienthal, werefascinatedy thebirds’
ability to fly by flappingtheirwings,attemptgo build flapping-wingflight vehicles
weresoonabandoneth favor of fixed-wingor rotary-wingaircraft. Onfixed-wing
aircraftthethrustandlift generatorareclearlyseparatedvhereanrotary-wing
aircraft thrustandlift generationare accomplishedy a single system,i.e., the
rotor (or rotors) only. It is notevorthy that fixed wing aircraft precededotary-
wing aircraft by someforty yearsdueto the difficulty of building flight vehicles
with integratedpropulsion/Ift systems.

Birds andinsectshave masteredhe use of integratedpropulsion/Iit systems
for mary millenia. It is thereforeappropriateo askwhetherNaturecan provide
insightsand guidancefor the designof flight vehicleswhich may have new and



practicalapplications.n this papey we presenta brief overview of our current
understandingf the thrust and lift generationmechanismaisedby birds and
insects Wethendescribeamicroair vehicleunderdevelopmentatthe Naval Post-
graduateéschoolwhich usegheflapping-wingprinciple,andwe concludeby sum-
marizingthe connectionbetweerthe bird/insectflight scienceandtheemeging
field of microair vehicletechnology

2 The Physicsof Thrust Generationdue to Wing Flapping
2.1 Elementary Theory

Knoller [1] andBetz [2] in 1909 and 1912, respectrely, were the first onesto
proposean explanationof the birds’ ability to generatehrustby meansof wing
flapping. The basic principle is illustratedin Fig. 1, wherethe airfoil is in the
downstrokein theleft imageandin theupstrokdn therightimage.Thesinusoidal

V. Downstroke

Figurel: Thrustproductionduringflappingflight

flappingmotion, z(¢) = hsin(kt), resultsin aninducedvelocity, —z’(¢), suchthat
the effective velocity, V., is atan angleof attackwith respecto the chordline,
a.rr. Accordingto linear theory the resultantforce vector N, is normalto the
velocity seenby the airfoil, andis thereforecantedforward, yielding a net lift,

L, and a net thrust, T'. During the upstrokethe inducedvelocity changessign,
resultingin alift forcethatis downward,but thethrustis still in the directionof
flight.

2.2 Two-dimensionalFlapping Foil Propeller Theory

The Knoller-Betz elementarytheory doesnot accountfor the effect of the vor-

ticeswhich arebeingshedfrom thetrailing edgeof anairfoil which executesthe
sinusoidalplungemotion. It is well known that ary changein airfoil incidence
angleis accompaniedy the sheddingof a so-calledstarting vortex. Therefore,



Figure3: ReverseKarmanvortex streetjndicative of thrust(k = 3, h = 0.2¢).

the sinusoidalplungemotion canbe regardedasa seriesof stepchangesn inci-
denceanglewhich causedhe sheddingof vortices.This conceptis illustratedin
Fig. 2, wherean unsteadypanel-codesolutionis shavn for an airfoil plunging
sinusoidallywith anamplitudeof 20 percendof theairfoil chord,c, atareducedre-
quengy of 3 (k = 27 fc/U. ). Thelargestchangesn positive or negativeincidence
angleoccurwhenthe airfoil movesthroughthe top or bottom positions,respec-
tively. Therefore duringonecycle, theairfoil shedscounterclockwiseorticity as
it passeshroughthetop position(darkgray),followedby clockwisevorticity asit
passeshroughthebottomposition(light gray).As aresult,avortex streetis being
generatediownstreanof theairfoil. In Fig. 3, theresultsof anexperimentalinves-
tigationatthe Naval Postgraduat8chool[3] areshavn, wherethewakeis behind
theflappingwing is visualizedin awatertunnelby injectingcoloreddye into the
flow. The conditionsarethe sameasthatof Fig. 2. It is seerthatthecounterclock-
wise vorticesare arrangedn the upperrow, the clockwisevorticesin the lower



row, thusinducing a velocity increasebetweenthe two rows (showvn in Fig. 2).

Thesinusoidallyplungingairfoil thereforeactslike acornventionalpropellerwhich
captures certainamountf fluid andgivesit anincreasedime-averagedrelocity.

LaserDopplermeasurementperformedattheNaval Postgraduat8chool,indeed
shaved a jet-like time-averagedvelocity profile downstreanof thetrailing edge,
confirmingthatthe flappingairfoil canbe regardedasa jet enginewhich propels
thebird (or flapping-wingvehicle)forwardby ejectinga certainamountof fluid in

theoppositedirection.

2.3 Three-dimensionaFlapping Wing Theory

This two-dimensionaflow theoryis still somevhatincompletein explaining the
actualflow featuresddownstreanof afinite-sparflappingwing. While no detailed
flow visualizationsandvelocity measurementareavailableasyet, moderncom-
putationatechnigueslreadymakeit possibleto obtaina betterunderstandingn

Fig. 4, examplecalculationsareshowvn for the flow downstreanmof a sinusoidally
plungingfinite-spanwing, computedusingthe CMARC code[4]. It is seenthat
the wing generates seriesof vortex rings of alternatingsign. A sideview of the
mid-spanflow would yield a vortex streetsimilarto thatshown in Fig. 2.

2.4 Effect of Combined Pitch and Plunge Motion

The questionnaturallyariseswhetherit is betterto flap a wing in pureplungeor
pitch motionor to usea combinedpitch andplungemotion.Again,thesequestions
canbereadily answeredy performingmodernpanelcodecalculations Sample
resultsfrom a two-dimensionapanelcode,developedat the Naval Postgraduate
School,arecomparedo Garrick’slineartheory[5] in Fig. 5, for aNACA 0012air-
foil pitchingaboutits quarterchordwith a pitch amplitudeof 4 degreesa plunge

Figure4: Perturbatiorvelocity vectorsillustratingthe cyclic vortex rings.
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Figure5: Predictedhrust& efficiengy.

amplitudeof 0.2¢, anda reducedirequeny of 0.5[6]. The predictedthrustand
power coeficientsaswell astheir ratio (the propulsive efficiengy, n) are shavn

asafunctionof the phaseanglebetweerpitch andplunge,¢. Thetwo horizontal
lines indicatethe thrustand efficiency of a purely plungingairfoil. A combined
pitch/plungeoscillationis clearly more efficient than a pure plunge oscillation,
provided the pitch oscillationleadsthe plungeoscillationwith a phaseangleof

about90 degrees A pureplungeoscillationproduces higherthrustthana com-
binedpitch/plungeoscillation,but atalower efficiengy. Furthermorethrustcanbe
increasedy eitherincreasingthe flappingamplitudeor the frequeng. However,

it is alwaysmoreefficientto increaseheamplituderatherthanthefrequeny, pro-

videdtheflow remainsattachedo theairfoil. In effect,it is moreefficientto impart
asmallvelocity surplusover awide regionthanahigh velocity surplusover anar

row region. A pure pitch oscillation (not showvn) will producethrustonly if the
airfoil oscillatesat ratherhigh frequenciesandthe efficiengy will be quitelow.

2.5 Ground Effect

Pilotsarewell avareof thefavorablegroundinterferenceffectattake-of orland-
ing whichincreaseshewing lift andreducegheso-callednducedor vortex drag.
A similareffectoccursfor aflappingwing flying in closeproximity to theground.
The effect can be simulatedcomputationallyby addinga secondairfoil which
flapsin counterphasasshawn in Fig. 6, wherethe symmetry-plandetweerthe
two wingsrepresentshe ground-planePanelcodecalculationgredictedhatthe
thrustwould increaseandthis wasconfirmedexperimentally asshavn in Fig. 7
[6]. In this casethe airfoils plungewith anamplitudeof 0.4c anda meanheight



Figure6: Wakeof awing flappingin groundeffect.
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Figure7: Thrustfor awing flappingin groundeffect.

above thegroundplaneof 0.7¢.
2.6 Dynamic Lift/Stall Effect

Helicopterpilots know that the flow can becomeseparatedrom the helicopter
bladeleadingedgetherebycausingdynamicstall. This effect occursbecausehe
bladeis oscillating. The basicphysicsis illustratedin Fig. 8 wherea sequence
(top-to-botbmleft column,thentop-to-botbmright column)of imagesduringthe
downstrokes shavn from a Navier Stokessimulationof aNACA 0014airfoil that
is sinusoidallyplungedat a reducedrequenyg of 1, with anamplitude0.4¢, and



Figure8: Dynamicstall on aplungingairfoil.

at a Reynolds numberof 10*. Note, the Reynolds numberis a non-dimensional
parametethatis loosely definedasthe ratio of inertial to viscousforcesacting
onawing. Commerciajetsfly atReynoldsnumbersontheorderof 107, whereas
birdsfly at Reynoldsnumberson theorder104, andinsectsfly at Reynoldsnum-
berson the orderof 102. A strongso-calleddynamicstall vortex forms nearthe
leadingedgewhich propagatesver the uppersurfaceandis then sweptdown-
streampastthetrailing edge While thevortex is over theairfoil uppersurfacdift
is generatedavhichis significantlygreatethanthestaticlift whichwouldbegener
atedat the correspondingtaticincidenceangle.As soonasthevortex approaches
the trailing edgethis lift is reducedquite suddenlyand dramatically While the
presenceof dynamicstall is generallyadwerseon aircraft, thereis evidencethat
birds and insectsmay benefitfrom this effect. Indeed,we have mademeasure-
mentsand computationsvhich shav that dynamicstall occurson the micro air
vehicledescribedn the next section.

3 Flapping-Wing Micr o-Air Vehicle

Theprecedingomputationahndexperimentaktudieded usto themicroair vehi-
cleconfiguratiorshovnin Fig. 9. Thel5cmsquarenodeluseswo smallwingsat
theback,arrangedn a biplanefashion,to provide the propulsion.andtheremain-
der of thevehicleis essentiallya large wing, providing mostof thelift andall of
theinternalvolume.Thetwo aft wingsflapin counterphasayith anamplitudethat
is constantin the spanwisedirection. The biplanearrangemenprovidesthe per
formancebenefitsof flight in groundeffect without having to be nearthe ground.
Additionally, the systemis aerodynamicallyandmechanicallybalancedsuchthat



Figure9: 15 cmflapping-wingMAV model.

thebodyof theaircraftdoesnot oscillatewith theflapping,andthereforenowork
is expendedon periodicaccelerationsf non-lifting mass.

Thewingsareonly drivenin plunge,but they areelasticallymountedsuchthat
they aeroelasticallyitch, yielding tunable but mechanicallysimple pitch/plunge
motions.Similarly, thewing cambeiis elastic,andis aeroelasticallgoupledo the
motion,yielding significantimprovementdn thrust.

Early testmodelsincludedonly the aft flappingwings anda slenderfuselage,
and were driven usinga 5 mm gearedsteppingmotor. Flappingfrequenciesas
high as40 Hz wereachieved, but elasticdeformationf the structureled to per
formancdossesatfrequenciesbore about25Hz. Preliminaryexperimentathrust
measuremeniadicatedsignificantiossedn thrustwith increasingspeeda strong
indicationof adwersedynamicstall effects,asshavnin Fig. 10[7]. In recentstatic
testsof improved models thrustsashigh as14 gramshave beenachieved,anda
modelwasdevelopedthat could takeoff vertically and hover while undertether
It is hopedthatimprovementsn the designaswell aspropertuning of the elas-
tic pitch andcamberdeformationswill resultin beneficialeffectsfrom dynamic
stall, in the sameway thatmostinsectsdo. Themodelshown is drivenby asmall
DC brushedmotor, like thoseusedto vibrate pagerspoweredby a singleNiCad
50mAhrechageablebatteryanda DC-DC corverter It hasatotalweightof about
12 grams.Currentwork is directedtowardachieving sufficientlift andcontrolfor
remotelycontrolledflight.
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Figure10: Thrustmeasurement®r the rigid-wing MAV.

4 Considerationson the Designof Micr o-Air Vehicles

The designof micro air vehiclespresentshe aeronauticaéngineemith the chal-
lengeof understandingndoptimizingflight at very low Reynoldsnumberslt is
too early to say whetherthe propulsionsystemwhich hasno analogin nature,
namelythe corventionalpropeller will remainthe betterchoiceat the micro air
vehicle scale.Natureevolved variousflappingwing systemdor fully integrated
thrustandlift generationThis indicatesthe desirability andperhapsvenneces-
sity, to provide themicro air vehicledesignewith the samewealthof aerodynamic
dataaeronauticaéngineeraisefor the designof high Reynoldsnumbervehicles,
i.e.,airplanesOur studiesdndicatethatcomputationatiatawhich arebasedn the
assumptiomf purelyinviscid attachedlow areof only limited valuefor thedesign
of microair vehiclesThisis clearlyseenn Fig. 11, wherehigh andlow Reynolds
numberresultsare comparedo experimentalresults.Birds andinsectsappeato
makevery effective useof thedynamicstall phenomenoibriefly describedabore.
Indeed,somebirds andinsectsseemto exploit the interactionbetweendynamic
stall vorticesshedfrom two closely spacedwvings. Theseare phenomenavhich
areasyet poorly understooddifficult to computeand unrealizableon an experi-
mentalmodel.Hence thereis still very muchto be learnedfrom Naturefor the
designof micro air vehicles.
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