Imaginative solutions by marine organisms for drag reduction
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Bothmachinesandanimalsmustcontendwith the samephysicallaws thatregulatetheir designand behavior.
Many animals demonstratehigh levels of performancewith respectto movementthrough water, and
therefore may be usefulasmodelsystemgo analyzenovel mechanismdor drag reductionthat are superior
to engineeredsolutions. A survey of various animals demonstrateghat they have evolved a number of
morphologicaland behavioraldrag-reducingnechanismsAlthough more complex, these mechanismsact
similarly to analogousengineeredsolutions for movementwhen submergedand acrossthe air-water

interface.

We were lying upon the back of a sort of submarine boat, which
appeared(as far as | could judge) like a huge fish of steel (Jules
Verne, TwentyThousand.eaguedUnder TheSeg

INTRODUCTION

The idea that new technologies can be developed from
observationof nature has been long standing. Indeed, nature has
served as the inspiration for various technological developments
includingflight androbotics[1, 2, 3]. Copyingnatureby the biomimetic
approachattemptsto seek common solutionsfrom engineeing and
biology for increasedefficiency and specialization[4]. It is no
accident that the shape of modern submarines,fish, and marine
mammals are so closely matched. Parallels between natural and
engineerediesignsoccur becauseéboth are selectedfor a range of
performanceonstrainedy the samephysicalforces.

Analysis of locomotor specializations in animals holds for
engineershe possibilitythatanimalscan be usedas solutionsto design
problemsfor reductionin energyinput,whetherin their constructionor
in the performancef work. Any mechanismthat allows for increased
energy economy use can provide an important advantageto the
survival of an animal. It is viewed that evolution (descent with
modification)throughthe Darwinianprocessof "natural selection"has
fosteredmprovementsn designwhich have culminatedin adaptations
for highspeedandefficiency[4, 5]. Becausenatural selectionchooses
from awide rangeof designand performancepossibilitiesas dictated
throughthe geneticcode andfunctional demandof the environment,a
variety of possible solutions to engineering problems may be
investigated.The diverse morphological specializationsexhibited by
animals may be targetedby engineersfor technology transfer and
effectively reducethe time of developmenbf innovative technological
solutions.

However,the use of animal modelsfor designimprovementsis
not without criticism. Strict adherenceto biological designs is
consideredo rarely produceany practicalresultsand can impedethe
developmenbf engineeredsystemg6, 7]. Airplanes do not flap their
wings like birds for lift and ships do not undulate like fish for
propulsion.The reasonthat the duplication of biological systemshas
beenlimitedis dueto evolutionaryand materialconstraints.

Animals are functionally multifaceted(i. e., they move, feed,
reproduce)and must compromise optimal solutions for specialized
functionsto perform adequatelyrather than maximally [8, 9]. The
biotic and abiotic environmentsof the time that a new designevolves
dictatesits selectionwithout anticipation for potential future purpose
and effectivenessBoth superior and poor designs with respectto
presenttime may be lostif they did not function adequatelyin past
environmentor if theywereaccidentallylostdueto chanceevents.In
addition, animalshave evolved along lines of common descentwith
shared developmental patterns which restricts possible solutions.
Radical redesigns are not permitted to expedite enhancing
performance;instead, it is existing designs which are modified.
Althoughswimmingin whaleswould be more efficient if theseanimals
remainedsubmergedike fish (seebelow), their commonevolutionary
history with other air-breathing mammals requires that they
periodically return to the water surface to fill their lungs despite
increasednergycost.

Animalsarefurther limited by the variety of structural materials
available.Animals are composedof either fibers, such as collagen,
chitin, and keratin, or composiés, such as bone and cartilage [10].
Compared to manufactured materials, like metals, ceramics and
glasses, biological materials are generally weaker and less stiff.
Furthermoremovementaregeneratedhroughforceful contractionof

the muscledransmittedo a jointed skeletonby tendonousconnections.
The arrangemenbf the contractile machinery precludesthe use of
rotational movements so ubiquitous in engineered systems [8].
Thereforepiological systemssuffer lower efficiency due to periodic
accelerationsver a propulsivecycle.

Despite these concerns,the realization of new and superior
designsto reducedrag basedon animal systemshas been tantalizing,
althoughelusive[7, 11,12]. Aquatic animalsareconsidereduperiorin
their capabilitiesto technologiesproducedfrom nautical engineering
[2]. Speedver 11 m/s(>21 kts) have been attainedby dolphins[13],
whereasfish display speedsas high as 20 m/s (39 kts) and can

accelerateat 40-50 m/s? [11, 14]. Such high levels of performance
wereassumedo be dependenbn adaptationsvhich reducedirag.

This report exploresthe specializedadaptationsusedby aquatic
animals for drag reduction. These adaptationsare comparedwith
analogous engineered solutions. Comparison of biological and
mechanicabystemgan provide insightinto the effectivenesf each
systemand help direct engineerstoward innovative applications of
biological systems.For a full appreciationof the topic, this survey
includes discussion of mechanismswhich are considered valid,
fallacious,andspeculative.

DRAG COMPONENTS

A previousreview of biological drag reduction by Bushnelland
Moore [5] examinedthreetypesof drag (form drag, skin-friction drag,
anddrag-due-to-lift)for organismgotallyimmersedn a fluid, whether
air or water.The presentreview examineshow organismsreducetheir
dragin anaqueousenvironmenftor fully submergedbodiesand bodies
operatingat the air-waterinterface.

The primary componentof drag experiencedy aquatic animals
variesin accordncewith (1) flow conditionsaroundthe animal and in
itsboundarylayer, (2) proximityto the air-waterinterface,and (3) the
relative predominanceof inertial, gravitational, and viscous forces.
Becauseof the interestin rapid motion in water and application of
biological designsto large structures, the discussionwill focus on
conditionsencompassinigh Reynoldsnumberg(Re), expresseas:

Re=UL/u 2)

whereU isthevelocity, L is a characteristidinear distance(e.g., body
length),andv is kinematicviscosity,which is equal to 1.044x108 m?/s
for seawaterat 20°C. At high Re, inertial forces predominateover

viscousforces.Of particularinterestis the rangeof Re > 105, where
transition from laminar to turbulent flow conditions can occur.
Gravitational forces predominatevhen animalsswim near or pierce
the water surface.The ratio of inertial forcesto gravitational forces
experiencedby a body moving at or close to a fluid/fluid interfaceis
givenby thedimensionles§roudenumbe, F_, as:

1/2
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where g is the gravitational acceleration 9.8 m/sz, and Ly is the

waterlinelengthalongthe longitudinalaxis of the body.

For submergedbodies, minimum drag is associatedwith purely
frictional drag with laminarboundaryconditions(Fig. 1). To maintaina
laminarboundarylayer,the surfaceof the body shouldbe smoothand
the configuration of the body should promote a large favorable
(negative) pressuregradient [15]. This gradient occurs when the



pressureis decreasig along the streamline from the leading edge
towardthetrailing edgeby graduallyincreasinghe thicknessof the
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Fig. 1. Relative drag associatedwvith boundary conditions. Redrawn
from [11].

body.A largeregionwith a favorablepressura@radientis achievedby
positioningthe maximumthicknessof the body posteriorly. Howeverat

high Re (> 105), transition from laminar to turbulent boundary
conditionscan occur.The result of this transitionis an increasen the
frictional drag dueto anincreaein boundarylayerthickness.

Pressureor form drag is producedfrom pressuredifferencein
the flow outside the boundary layer arising from changing flow
velocities around the body. The pressurdifferential from leading to
trailing edgesof the bodyis the sourceof the force [11]. Streamlining
minimizesdrag by reducingthe magnitudeof the pressuregradient
over thebody[7].

Pressuraragis alsodependenon theinteractionof the boundary
layer and pressuregradient. Boundary layer separationgererally
occursin the region posteriorof the maximumthicknessof the body. In
this region an adversepressuregradientdevelopswith high pressure
locatedposteriorly.At a pointalongthe gradient, fluid in the boundary
layer doesnot have sufficient momentumto overcomethe increasing
pressureand separatioroccurs.Prematureseparatioralong the body
as opposedto nearthe trailing edge will producea broad wake with
substantiabnergyloss.Separatioris more likely to occur with laminar
boundarycondtions.Thisresultsin higherdragwith laminar conditions
thanwith a turbulentboundarylayer (Fig. 1). Separatioris delayedin a
turbulentboundarylayer, becauseanomentumis transferredvertically
dueto increasednixing within the layer[15].

Wave drag occurswhen an animal swimsat or near the water
surfaceactingasa displacemenhull [16, 17,18]. Kinetic energyfrom
the animal'smotionis transferrednto potentialenergyin the upward
displacemendf waterin the formationof surfacewaves. This energy
losscan be substantiakt a maximumof five timesthe frictional drag
whenthebodyis at a relative depth of 50% of the maximumdiameter
of thebodyandF_=0.5[17, 19, 20].

Speedat the water surfaceis constrainedby the formation of
surfacewaves[18, 21, 22]. As an animal swims faster, constructive
interferencefrom bow and sternwavestrap it in a trough, ultimately
limiting furtherincreasesn speed[23, 24]. To move faster,the animal
would haveto literally swim uphill, which is energetically very costly.
This effectivespeedimit for a conventionaldisplacementhull, suchas
a shipor duck, is called the hull speed,Up [21]. Hull speeddependson

L with longerbodieshavinghigher hull speeds.Uy, is calculatedas:

Un=(g LW/ZTD:L/Z

3.

Spraydrag or surfaceinterferencedragis createcby water piled
up alongthe forebodyof a surface-piercingtrutor foil and being shot
intotheair [19]. At high F_, spray drag is approximately26% of total
dragfor a surface-piercindlat plate and 30% for a strutwith a blunt
trailing edge [19]. The bestdesignto reducespray drag is a pointed

leading edge and long forebody region relative to the maximum
thicknesgFig. 2).
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Fig. 2. Relationshipbetweenspray drag and forebody thicknessratio
basedon[19].

The induced drag component is produced from vorticity
generatedy lifting hydrofoils (e.g., fins, flippers, flukes). When the
hydrofoil is cantedat an angleto thewater flow (i.e., angle of attack),
alift is generatediueto deflectionof the fluid and pressuredifference
betweenthe two surfacesof the hydrofoil [5, 11]. The pressure
differenceinducesthe formation of longitudinaltip vortices resultingin
energy dissipation[7, 11]. The induced drag coefficient (Cpj) is

determineds:
Cpi = C_ 2mAR @)

whereCL is the coefficientof lift andAR is the aspectratio. AR is an
indicator of the geometryof the hydrofoil andis calculatedas:

AR =IA = SIC (5)

in which Sis the hydrofoil span,A is the maximumprojectedareaof
the hydrofoil, and C is the chord. As AR increases,the hydrofoil
planform becomegong and narrow.Equation4 suggestshat hydrofoils
with high AR will experience low induceddrag.

BIOLOGICAL SOLUTIONS FOR DRAG REDUCTION

A variety of engineered solutions and possible animal
mechanismgor drag reduction exist for eachof the drag components
presente@dbove.Animals reducedrag by utilizing secretednaterials,
anatomicalfeaturesandbehaviorapatterns.

Friction Drag

Mucus

The additionof dilute solutionsof long-chainpolymersinto flow is
well establishedas a meansof drag reduction [25]. The conditions
necessanare (1) turbulent or pulsed laminar flow in the boundary
layer, (2) the polymer is linear and soluble, (3) the polymer has a
molecularweightof 50,0000r more, and (4) the densityand viscosity
of thefluid from the surfaceoutwardsmustbe constant[25, 26]. The
mucussecretedyy fish over the body surfaceis consideredto meet
theseconditions. The mucusis a combinationmucoplysaccharides,
nucleic acids, proteins, and surfactantsin the form of lipids,
phospholipidendlipoproteing5].

The undulatoryor oscillatorymovementf fish during swimming
indicatesturbulentor pulsedflow for which mucuscould be effective
in reducingdrag [25, 26]. Measurement®f dilute solutionsof fish
mucusin turbulentpipe flow exhibitedas much as 66% reduction in
friction drag [25, 27]. The mucusis believed to reducethe velocity
gradient over the fish and thus decreaseviscous shear stess and
reducethe rateof momentuntransferfrom the free-streanilow to the
surfaceof the fish [26]. The mucusalso may fill in irregularitiesto
improve streamlining [28]. However, no association was found
betweeramountof drag reduction and speciesof fish which swim at



high speeds Even snails,which are not noted for speed, producea
mucusthatreducedsrag [25].

Secretionsfrom dolphins have been examined also for drag
reducing abilities, although with no success.Secretions from the
dolphineye fail to produceany drag-reducingeffect [29]. Likewise,
the high densityof epidermalcells shedfrom dolphinskin have little
effect,althoughthe compositiorof thesecellsis consideredimilar to a
mucopolysaccharid@9, 30]. High rates of skin sloughingmay aid in
minimizingdrag by preventingfouling by encrustingorganismg31].

Riblets

The developmenbf ribletsto reduceturbulentskin friction came
in partfrom the studyof shark scalesor dermal denticles[32]. Riblets
arestreamwiseamicrogrooves that act as fencesto breakup spanwise
vortices,andreducethe surfaceshearstressand momentumloss. Fast
swimming sharks have scalesthat are different from other sharks.
Thesescaleshaveflat crowns and sharpridges oriented longitudinally
with rounded valleys [33, 34, 35, 36]. Although the ridges are
discontinuousdue to the distribution of the scales,a 7-8% drag
reductionis possiblyas measuredor continuousriblets [32, 37]. The
streamwisesurfacegroovesof scallop shellsalso indicate the use of
riblets [38]. The optimal riblet spacingis presentin those scallops
demonstratingthe greatestswimming ability. Small ridges on the
epidermisof dolphinshad been hypothesizedto stabilize longitudinal
vortices [39, 40], but the geometryof the ridgeswith rounded edges
doesnotsuggestan effectiveanalogywith riblets[12].

Viscousdampening

By far, argumentssurroundingthe investigatiorand application of
mechanismdor viscousdampeningby dolphins have been the most
contentioug[7, 12]. The controversy known as Gray's Paradox, was
theresultof an estimatiorof the power output,basedon calculation of
drag with turbulent boundary conditions, for a rapidly swimming
dolphin. The estimateddrag power could not be reconciledwith the
availablepowergeneratedby the muscleg41]. Gray'sresolutionto the
problemwasthatthe drag on the dolphinwould have had to be lower
by maintenancef a fully laminar boundarylayer, despite Re above
transition. Gray proposeda mechanismto laminarize the boundary
layerby acceleratinghe flow over the posteriorhalf of the body (see
boundarylayer acceleratiorbelow). However, the basic premise of
Gray's Paradoxwas flawed, becausethe observationof the dolphin
swimmingspeedwasfor a sprint(7 sec)and Gray usedmeasurements
of musclepoweroutputfor sustainedperformanceof humanoarsmen,
which arelower thanpoweroutputsfor burstactivities[12].

Gray's Paradox,however,enduredand was invigorated by the
work of Max Kramer [42, 43, 44]. Kramer claimed that a laminar
boundarylayer without separatiorcould be achievedat high Re by
coatinga torpedowith an artificial skinbasedon the skin of a dolphin.
The dolphinintegumentis composedof a smooth, hairless epidermal
surfaceforming an elastic membrane[45] and is anchoredto the
underlying dermis by longitudinaldermal crest with rows of papillae,
which penetratethe lower epidermis[29, 40, 43, 44, 45]. Kramer's
analogousskinwas composedf a heavy rubberdiaphragmsupported
by rubber studswith the intervening spacesfilled with a viscous
siliconefluid [42]. It was hypothesizedthat the coating would dampen
out perturbationsin the flow and preventor delay transition.When a
portionof a towedbodyanteriorof the maximumthicknesswvas coated,

a 59% reductionin drag was achievedat Re=15x16 comparedo a
rigid referencamodelwith fully turbulentflow. Theseresultssuggested
the"dolphin'ssecret"anda resolutionto Gray'sParadox{43].

In what hasbeen characterizedas "enthusiasticoptimism" and
"Pentagon and Kremlin paranoia" [7], research on dolphin
hydrodynamicsand compliant coatingswas acceleratedduring the
1960s[12, 45, 46]. Attemptsto verify Kramer'sresults subsequently
failed [46, 47], althoughsomesuccessin reducing skin friction was
possiblewith othercompliantcoatings[48, 49]. It was suggestedhat a
compliantcoatingwould reducedrag by controlling turbulencein the
boundarylayer ratherthan delaying transition[46]. It would be more
importantin minimizingtotd drag by delaying separatiorthan to delay
transitionin the boundarylayer.

The structureof the skin and blubber layer of dolphinsis highly
organizedand complex [40, 50]; thus,the analogywith the compliant
skin proposedby Kramer may be only superficial and have little
functional similarity. When swimming at high speed or for bursts,
dolphinsexhibit prominentskin folds [51]. Similar speed-inducedkin

folds were shown to add to drag when observedon naked women
swimmingor towed at 2-4 m/s[45]. The possessiorof a thick skin,
which could make the induced folds, is attributed also to turbulent
boundary conditionsfor the beluga whale (Delphinapterusleucag
[36].

Dragmeasurementsf gliding dolphinsandrigid modelsindicated
that the boundarylayer was largely turbulent[13, 16, 36, 39,45, 52].
Thiswasverified by low-speedflow visualizationstudieson dolphins
usingdye or bioluminescencg53, 54, 55]. The fluid layer againstthe
body, inferred to representhe boundarylayer, thickenedanterior of
the dorsal fin. The inferred transition anterior to the dorsal fin

correspondedith a local Re of about3x1ds, and was confirmedfrom
measurementsf turbulent pulsationson a live dolphin [45]. The
boundarylayerremainedattachedup to the flukes for gliding animals
[55], but separatedanterior of the flukes for an actively swimming
dolphin [53]. Similar observationswere made on seals swimming
throughbioluminescencd56]. Sealsswim in a matter analogousto
dolphins[57].

As indicated from flow visualization experimentson dolphins,
differencesn boundarylayer flow occurbetweenactively swimming
andglidinganimals.Thisimpliesthatviscousdampeningmay be under
active control when the animal is oscillating its flukes. Experiments
usingremote pressuresensorsin the boundary layer of an actively
swimmingdolphin indicated that althoughagitatedthe boundarylayer
did not becomecompletely turbulent [58]. Although the degree of
turbulenceand the pressurewere determinedto decreaseover the
posteriorportionof the body, theseresultsmay not be associatedvith
viscousdampeningashas been hypothesized36, 59]. Indeedthereis
no evidenceto suggestthat viscousdampeningof the skin should be
any morelikely when the animalis oscillatingits flukes as opposedto
gliding [12]. A substantiabmountof time during swimming may be
occupiedby glidingwhenlow dragwould be beneficial.

As originally proposed by Gray [41], accelerationof the
boundarylayer due to propulsivefluke actionscould accountfor the
resultsof flow visualizationand pressurestudies[53, 58]. Estimatesof
drag on actively swimming dolphins based on kinematics and
hydrodynamic models have indicated turbulence due to high drag
values[11, 52, 60, 61]. Suchhigh drags are consistentwith estimates
for actively swimminganimalswhich can be 2-5 timesthe greaterthan
drag valuesof equivalentrigid bodies[62].

Dynamicdampening

The network of subdermalcanalsand poresin the skin of fish
suggestsiseof a suctionmecharsmto stabilizethe boundarylayer and
preventseparatiori63, 64]. In the trachipteridfish, Desmodemathe
placementof maximumthicknessis at 7% of total length. This will
resultin a negative pressuregradientover the majority of the body.
The pore and canalsystenis believedto redistributefluid from high to
low pressureegions.Engineeredystemsisingboundarylayer suction
achieveds6-100%Ilaminarflow [65].

Boundarylayer acceleration

Injection of highmomentunfluid into the boundarylayer hasthe
capacityto delay bothtransitionand separatiorjl1]. The effluent from
the gills of fish could potentially introduce kinetic energy into the
boundarylayer[28, 66]. Flow visualizationin fish, howeverhas shown
the pulsedflow duringactive respirationincreasedurbulence[45, 66].
The locationof the gill slits anteriorof the maximumthicknessof fish
(i.e., position of lowest pressure)would enhancerespiratory flow
ratherthansurfaceflow. During passiveor ram ventilationin scombrid
fish, the mouth and gill coverings are kept open so that water can
continuously flow over the gills without pumping. The constant
swimmingmotion of the fish maintainsthe flow. Ram ventilation does
notpreventturbulence but it appeargo extendthe laminar region of
the boundarylayerby 13-100%][45].

Re-acceleratiornf the boundarylayer as fluid was accelerated
from the oscillating flukes of dolphinswas proposedoriginally as the
resolutionto Gray'sParadox{41]. Calculationsof the dynamic pressure
distributionover an actively swimmingdolphinindicatethe extensionof
afavorablepressuregyradientover the totalbody with a steeppressure
reduction in the region of the peduncle and flukes [59]. This
mechanismseemsto have greater potential for boundary layer
stabilizationin the dolphin than maintenanceof laminar flow with
viscousdampeningA similar mechanismmay operatein cephalopods
(e.g.,squid,octopus) Waterflowing into the inlet of the mantle cavity



duringinhalationand during exhalationthroughthe siphonwhen jetting
could acceleratéhe boundarylayer[45].
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Fig. 3. Representativéody shapesof marine mammals.From top to
bottom: minke whale (Balaenoptera acutorostraty, right whale
(Eubalaenaglacialis), harborporpoise(Phocoenaphocoend, Florida
manated Trichechusmanatu$, and harp seal(Phocagroenlandicg.

Boundarylayer heating

Warm-bodiedanimals,suchasmarinemammalsscombridfishes,
andlaminidsharks,have the capacityto use heat conductedfrom the
body surface to decreaseavater viscosity[66, 67]. Dolphinsexhibit a

temperaturdifferential betweenthe water and skin surfaceof 9°C
which would reduceviscosityby 11% [12]. A maximumtemperature

differenceof 15°C for tunawould provide a 14% decreasén friction
drag as long as the boundarylayer was heatedinstantaneously11].
Althoughplausible thismethodof dragreductionis unlikely due to the
shortamountof time (0.1 s) thatthe waterwould be in contactwith the
body[66].

PressureDrag

Fusiformshape

It is surprisingthat althoughG. Cayley (circa 1800) considered
thefusiform designof the dolphinto be a body of leastresistancethis
designwas notembracedor submarinehullsuntilthe USS Albacorein
1953. Drag is minimized primarily by streamliningthe shape of the
bodyandthe appendaged.he streamlinedprofile of thesestructuresis
characterizedy a roundedleading edge and a slowly tapering tail
(Fig. 3). This design delays separationwhich occurs closer to the
trailing edge,resultingin a smallerwakeandreducedpressuralrag.

An indicationof the streamliningof a body is the FinenessRatio
(FR= ratio of maximumlength to maximumthickness)[11]. Bodiesof
rotation demonstrateminimum drag in a rangeof FR of 3-7 [17, 68,
69]. Basedon airship design,the optimal FR is 4.5 which providesthe
minimum drag for the maximumvolume [68]. Fastswimming fishes,
penguins and aquatic mammals are well streamlined with body
dimensionsvithin the optimalrangeof FR[11, 57,70, 71].

In engireered’laminar’ profiles, the position of the maximum
thicknessis located posteriorly to reducedrag by maintenanceof an
extendedavorablepressurgradientandlaminar boundaryflow [11].
The shapeof a dolphinand a sealion have beenlikened to a NACA
66-018 airfoil [17, 72], whereas,tuna display similarities with the
NACA 67-021[17]. Indeed,most rapidly swimming aquatic animals
have displaced the maximum thickness posteriorly [17, 45]. The
maximum thicknessof fast swimming fish and marine mammalsis
locatedat 0.3-0.70f thebodylength[12, 17, 45,66, 72].

Abrupt departure$rom a streamlinedshapeare avoided through
useof integumentarystructures.Blubber in marine mammalscontours
the body along its longitudinal axis [56, 71]. In addition, blubber
streamlinesthe caudalpedunclein dolphinsto reduceits drag in the
flukes'planeof oscillation[12] andprovidesa streamlinedshapeto the
appendagef§’3, 74]. Hair and feathersalso can be used with their
entrappedair layers to contour the body [70, 75, 76]. The lack of
arrectorpili musclesn sealsand seaotterspermitsthe pelageto lie flat
in water, minimizing resistancego swimming[77]. When modelsof a
seal with and without hair covering were compared,a reduction in
drag with the hair coveringoccurredat velocities of 8-10 m/s [78].
However,it was noted that thesespeedsare not normal for sealsand
theresultsmay notbe ecologicallyrelevant79].

Despitethe presumptionof the teardrop, fusiform shape as the
optimal designfor drag reduction,a numberof aquatic animals have
anteriorprojecting beaks, bills, and rostrums.In part, the departure
from a smoothlyroundedhead in theseanimalsmay be a function of
their feeding morphology requiring grasping jaws. However, the
alternatingconcaveandconvex profile of the forebodymay induce a
stepwise,gradualpressurechangewhich can reduceskin friction in
animals[70, 80,81]. The relatively small surfaceareaof the anterior
projectionin conjunctionwith a reducedpressuregradient [45,82] can
decreasdrag.

Redirectionof flow aboutdorsalspinesof somesharkswould aid
in preventingflow separatiorand increasedpressuredrag. The spines
arefoundontheleadingedgeof the dorsalfins. Becausehereis a gap
betweerthe spinesandthefins, the combinationcould act in a manner
analogousto slotted wings as the body laterally undulates during
swimmingcantingthe dorsalfins at an angleto the flow [83].

Burst-and-coasswimmingis a behavioral strategy that exploits
the lower drag of a rigid, non-flexing animal comparedo when it is
actively swimming[62]. Animals rarely swim steadily. Many animals
swimintermittentlyusinga two-phaseperiodic behaviorof alternating
accelerationgburst phase)interspersedvith periodsof glides (coast
phase)84, 85]. Estimatef energysavingswere projectedfrom 24%
to over 50%for fish usingthisbehavior{86, 87].

Vortexgenerators

Large-scalevortices can be generatedaround the bodies and
appendage®f animalsto influence flow and reducedrag [5, 11].
Alternatevortices shedfrom around the head of swimmingfish were
postulatedto act as rigid pegs [88]. The Vortex Peg Hypothesis
suggestedthat the fish pushedoff the vortices reducing swimming
effort andthatthe drag was virtually zero by reclaiming energyfrom
the vortices [11, 53, 88]. This hypothesiswas consideredunlikely,
becausehe velocity differencebetweenthe fish and vortices was too
greatto makethe systemefficient [11].

However,anteriorly generatedvortices and vortices generated
from the undulationof the caudalfin can interferewith eachother to
increasdocomotor efficiency [53, 89, 90]. The opposingrotationsof
the anterior vortices generatedas a Karman vortex street and the
thrust-typevortices (reverseKarmanvortex street) can destructively
interfere[90]. This interferenceproducedenhancecefficiency when
the sitesof vortex generatingvereoptimallyspaced.

Leading edge bumpswere identified as possibledrag reducing
devices [5]. Leading edge bunps are found on the head of
hammerheadharksand pectoralflipper of humpbackwhales, which
are used as lifting surfacesduring maneuvers[91, 92]. On the
humpback whale flipper, the bumps are evenly spacedover the
majority of the span[91]. Thesebumpswere hypothesizedto generate
vorticity to postponestallat highanglesof attack. This function may be
analogougo strakeswhich changethe stall characteristicof aircraft
wings by generatingvorticity [19, 93]. Vortex generatorsare most
effective for increasinglift and reducingdrag when the boundary
layer has beentripped [94]. Turbulentboundaryconditionswould be

likely for humpbackwhale flippers which operatenear Re = 2x10P
[91].

Turbulizers

Induction of turbulenceby roughnessand surface projections
within the boundarylayer can ultimately reducetotal drag by delaying
boundary layer separation [11]. Sculpturing on the shells of
cephalopodéammonoidsand nautiloids)had a positive hydrodynamic
effect when immersedin the boundary layer, but sculpturing which
extendedutsideof theboundarylayerhada negative effect [95]. For
fish, the presencef scales,rough surfacesand spiny projectionshas
beenlikenedto a tripping deviceto stabilizethe boundarylayer [5, 11,
45, 6496). In mullet, Mugil saliens scale developmentis correlated

with body size and Re [45, 96]. At Re lessthan 103, the fish has no

scales;whereasat 3x10°, rough ctenoid scales appearon the body
behindthe head.The ctenoidscaleshavea comblikeedge.thesescales
arebelievedto producemicroturbulence Ctenoidscalesare replaced,

however,with smoothercycloid scales above 108, where transition
would normallyoccur.

The elongate rostrum of the swordfish, Xiphias gladius has a
rough surfacewith cratersand bumps[82]. Becausethe sword can
reacha lengthof 40-45%of bodylength,at high swimmingspeedsthe



critical Re for transition would be reachedbefore the head. Thus,
separatiorwould be avoided from the body of the fish, despite the
anteriorpositionof the maximumthicknesswhich is justposteriorof the
head[45, 82].

Drafting

Various animals travel in highly organized formations. This
behaviorhasbeenhypothesizedo reducedrag andenhancedocomotor
performancef individuals.Formationrmovemengenerallyis accepted
for automotiveand cycling competitions[97, 98, 99], which use the
techniquef "drafting" or "slipstreaming”Wind tunnel measurements
on cars demonstrateda 37-48% reduction in drag when following
closelybehindanothewehicle [97, 100]. Trailing cyclistsin a paceline
experiencea 38% reductionin wind resistance[98] and an energy
savingsof 62% whendrafting behinda more massivebody, suchas a
truck [99].

For animals, formation swimmersinfluence the flow of water
aroundadjacentndividuals.Vorticity generatedby anteriorindividuals
provides momentumto the water. If a trailing animal is oriented
parallelandis movingin the samedirectionto the tangentialvelocity of
thevortex, the bodywill experience reductionin its relative velocity.
Becausehe drag is directly proportional to the velocity squared,a
decreasén therelativevelocity can decreasealrag and the associated
energyexpenditureVorticity is shedinto the wake of a passivebody
as two rows of counter-rotatingvortices (i.e., Karman vortex street)
wherethe optimalpositionfor drag reductionis directly behind another
body[101]. Althoughsimilar in patternto the Karmanvortex street,a
thrust-typevortex systemhas the oppositerotation of the vortices In
this systemwhich is generatedby an oscillating foil, the optimal
orientationis diagonally[102].

Queuesf spiny lobsters(Panulirusargug in water were shown
to sustairlessdrag per individual than a single lobstertraveling at the
samespeed[103]. The reductionin energeticcost per individual in a
queue was a direct function of queue size. Ducklings which swim
behindthe motherin single-file experiencea 7.8-43.5% decreasen
energycostwith increasedavingsfor largergroups[101]. In addition,
theducklingat the end of the formationappeargo receivedthe largest
energeticsavings[104]. Drag reduction in single-file formation is
associateavith smallspacingsetweerindividuals(< one body length)
[97,100,104].

Thrust-typevortices producedby fish provide drag reduction in
diamond-shapedormations [86, 102]. Trailing fish experiencea
relativevelocity 40-50%of the free streamvelocity and a reduction of
theforcegeneratedor swimmingby a factor of 4 to 6. However,the
decreaseén relative velocity is not maintainedwith each successive
row of trailing fish dueto destructiveinterference.

Wave Drag

Bowstructure

Bulbousbowson displacemenhullsreducewavedrag by 60% by
cancelingmostof the wave pattern createdat the bow and avoiding
energylossby wavebreaking[105, 106]. Semiaquaticnammals(e.g.,
beaver,muskrat, water opossum)swim on the water surfacewhile
holdingtheir forelimbsunderthe chin [22, 107]. Suchas configuration
of thelimbs may effectively act like a bulbousbow, althoughthis has
notbeenexamined.

Hydroplaning

Relatively few animalsswim at the water surfacefor extended
periods.As a displacemenhull, surfaceswimminganimals encounter
high energycostsandlimitationsto speedfrom wave drag. Despitethe
small size of ducklingswhich placesseverelimitations on swimming
velocity due to hull speed,speedsabove hull speedare accomplished
by replacingthe displacementhull configuration with a planing hull
[18]. The motion of a planing hull has been described as
"hydroplaning" or "skimming" [108]. With the hull inclined with a
positive angle of trim, a positive pressuredevelops under the hull
creatinga vertical "dynamiclift" componentvhich at high speedsmay
be greatetthanbuoyancy[105, 109].

Severalfactorscontribute to the relatively low drag of planing.
(1) The increasein trim angle raises the bow from the water
decreasinghe amountof wetted surfacearea reducing skin friction
[108, 109]. (2) Above hull speedwater doesnot have time to respond
to the pressuredisturbanceand the water surface is effectively
smoothed105, 108, 110]. (3) Wave drag is largely eliminated by
lifting the hull, althoughspraydragwill increasg19, 105,109].

At F_ = 0.6-1.0,a hull is semiplaningsuchthat it is supportedby

bothhydrodynamic(dynamiclift) and hydrostatic(buoyantlift) forces
[105,109]. Above F_ = 1, the hull is supportedentirely by dynamic lift

(planing). Mallard ducklings(Anasplatyrhynchog can burstat F_ > 1

effectively planing on the water surface [18]. Steamer ducks
(Tachyeres spp.) include three large, flightless species which
hydroplanecontinuouslyover distancesof 1 km and at speedsup to
6.67 m/s (F = 3) over the water surfaceusingtheir feet and wings

[18, 111].

Spray Drag

Two bat species(Noctilio leporinus Pizonyxvivesi) are adapted
for catchingandeatingfish [112, 113]. The batsusetheir echolocation
to detectfish by ripples or breakson the water surfaceand then drag
their feetthroughthe waterto gaff the fish with their claws. To reduce
drag, the toes and claws are laterally compressedvith a reversed
fusiform cross-sectiofl 14]. Although a typical fusiform shapeworks
effectivelyfor fully immersedbodies,this shapeshouldbe avoided at
the air-waterinterface[20]. At high Froudenumbers(F_ < 0.5), spray

drag can be a significant proportionof the total drag, whereaswave
drag is insignificant[19]. For the fishing bats, where F_ > 270, the

reversedusiform designwith a long forebodyregion relative to the

claw thicknesscanreducespray drag [19, 114]. An analogousdesign
is observedn the lower mandible of the black skimmer (Rhyncops
nigra), which catchesfish at the water surfacewith its beak [115].

Application of this mechanism,however,is limited to linear motion,
becaus¢he reversedfusiform designwill incur prematureseparation
with increasedirag andlossof lift duringturningmaneuvers.

Induced Drag

The design of the appendages(e.g., fins, flukes, flippers)
determines the magritude of the induced drag. Well-performing
appendagemaximize the ratio of lift (L) to drag (D) generatedby
their action [11]. An increasein the maximumL/D with increasing
sizeis achievedby increasingspanmore rapidly than the square-root
of planararea,therebyincreasingAR [68, 116,117,118, 119]. High
AR and tapering of the appendageseducestip vorticity and induced
drag [11, 119, 120, 121]. The fastest swimming fish and marine
mammalshave propulsorswith AR ranging from 3.4-8.7 [57]. AR
above 8-10 provideslittle further advantageand may be structurally
limited[11].

Induceddrag alsois limited by the sweepangleof the appendage.
A taperedwing with sweptbackor crescentdesigncould reducethe
induceddrag by 8.8% comparedo a wing with an elliptical planform
[117]. Induceddrag can be reducedwith a sweptwing planformwith a
rootchord greaterthan the chord at the tips giving a triangular shape
[122, 123]. This optimal shapeapproximatesthe planform of animals
which swimwith a lunate propulsor,including scombridfishes, laminid
sharks,extinct ichthyosaurs cetaceansand phocid seals[11, 57, 62,
118].

Flight

A behavioralstrategy to minimize drag is to leave the water
entirely. Many aquaticanimalsleap clearof thewaterto travel through
the air to reduce the energy required for locomotion and avoid
predation.In certaincasesthe animalstake a ballistic trajectory,such
as dolphins, seals, sea lions, penguins,and fish [124, 125, 126],
whereaothershave modifiedlifting sufacesto extendthe flight over
longdistancessuchasflying squidandflying fish [127,128].

Porpoisingconsistsof rhythmic, serial leapsin which the animal
leavesandre-enterghe water nose-firstduring continuousswimming.
Modelsof porpoisingpredictthatat highvelocitiesthe energyto leap a
given distanceis lower than the energyto swim [124, 129]. Below
somecritical speed however the oppositeis assumedAs obligate air-
breathersmarine mammalsand penguinamustswim in close proximity
to the surfacedespiteincreasedirag[17, 71]. Porpoisingpermitsthese
animalsto breathwhile simultaneouslyreducing locomotor energy
costs[125, 130].

CONCLUDING REMARKS

Progressin technologiesconcernedwith drag reduction comes
from the discoveryandrefinemenif new designs.A diversity of drag
reducingmechanismsare exhibited by aquatic animalsin association
with their habitsand restrictionson body design. Both machinesand



animalsmustcontendwith the samephysicallaws that regulate their

design and behavior. Although animal mechanisms have been
recognizedmainly after an engineeredsolution was developed,the

analogy simply demonstrates functional similarity and close
examination of the biological mechanism may indicate possible
pathwaysfor improvementsn engineereddesigns.In comparisonto

engineersvho can limit variablesin their systemsthe problem for

biologistshasbeenthatthe systemshey study are complex. More than
two hundredyearsago, the British philosopherDavid Hume pondered
the complexityof biologicalorganismsas:

All these various machines,and eventheir most minute parts, are
adjustedo eachotherwithan accuracywhich ravishesinto admiration
all menwho have ever contemplatedthem. The curious adapting of
meansto ends,throughoutall nature,resemblegxactly,thoughit much
exceedsthe productionsof humancontrivance.

As matters of energy economy and greaterspeeds are desired in

engineeredystemg5], imaginativesolutionsfor drag reductionfrom

naturemay serveas the inspirationfor new technologies.The union
betweenbiologists and engineersand use of modern computational
approachefl31, 132] promisesan understandingf biological systems
andmodificationsfitted to an engineeredpplication.
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