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successes ol Crlle!. Lilicnlhrl rnd lhc WrighIs. rnd rhe
gro'lh ol the theo.c1i.!l u.derf;rnings ol thc llcld b\ Lrn
caslcr and Pkndtl. nrrn s r\irlion cofnruclions r.ccd l!.
L'(.J. J rl. '.( rrJ.' R'- , J,,J . , r.. ,4r li ,, ( , -

tually lbrgotlen. Elerlonc still obscrvcs birds rnd rdoriresjl'c| t ,,e. bei- ) -d lr((dun,. bLr rh .r r 'l( ir 'ir. Jr
hrs bccn rclcgal.d turre t. $!rie\ rhout rvoiding inecning
lhcm inlo jel cngin.s or clcini.g th.ir nressJgci oll Nings
lh!n 1o considcrirg lh.m ra crcrlurcs oll.c' irg !selLLl ifsights

logically povcrcd flight cexlio \ such ds birds rnd humrn
powcrcd aircfult. lhc lrcnrc.dous rchie\c.renls ol cngine
powe.ed !ircrrlt ovc. rhc pasr cight dccrdes hxve lended lo
obscure how numerous llishl problcms had rlrc.dy been ele-
g rr r .ol\(d b) b.rds. n.Jn. Iflr' f rniLli, r'.'\prr. 1[o
Recenl pru]ecti in hu rn-po$cred rircr.lt, in bi rcrodr-
ramics dnd in the develof.rc.r ol r thing repUca ol an I I

mcicr span pl.rodrctll hrve ilroduced us {o rhc
bi.J.'irpl.nr i rJrr..(. lh, r. ut, "\ hp/n ,n,r.,(,i.ng
.espect lbr "Mother Nalure thc Enginccr, who derived ele-
grnt nnd srlislrcrrtr! evolulioirrr! $luliors lor xll rhc tuc
r'r. n\., 'J 'h,, 1"..' rl,t, I I nr rJ.fL,r..rlg.l.r\
rnd scicnlkts still hlye nuch 10 lerrn liorr n.lure reg. ing
rcrochslici\' cmplolcd io 1dilo. structu.es 1o the varied de
rnrnds of nighL, lctivc contml lcchiologl bound.rry hyer
.on1rol, na!ig!1ion. e1c.

suNlMAR!
he rdvenl ol lbssil luel cnsin.s olTcrcd neronaulical
engi.eer\ !cn-lold 10 hundred lold incrcascs in potrer-
to gros$\!eigh1 rrlior over lhc rrrios ayailablc lor bio-

INTRODTICTION
!rl-v rvir(ion inspifutio...ose nri.rd'il! lrom lhc role
model ol birds, sith $mc clrly ll,ghr rlrtfrpl\ even
irrlolving lcrlher subnituLcs rnd bird shxD.s Allt. rhe

sized lo$ po$cr brdings, a locus rehled to thc inelllciency
ol nuscle conrpxrcd io intern.tlco buslion engincs. The ex-
tlo.alions hd!c thus rlyJemphasized aerodynamic elllcicncy
dnd light-*eight slruclurcs. vhich pe.mit llight with lower

'Ihe outcomc lfnn all this lor mc hrs bccn ! gtu$iig real-
izrtion lh.L lUothcr Ndture is ! linlaslic ac.onauticalcngi
ieer, and hds bccn so lor many leis of millions ol yca.s.
Nature utilizes evolution to develop solulions for filling eco-
logical niches Thcre rrc coniinuing v!riltions ol cre!tures
and conlinuing survival pressures. Sl.tislicallX on\ winnen
sun,i!c to lclic ptulenr_ In cofl.asl 1o scienlilic dclcbp

enls in cililizrtior, mistakes lend not !o b€ respecled as
lexrnirA exDe.iences,.nd sccond chances a.e.a.e. Uncom-
plclcd pnrt.cts i nrlure crnrot be rcscucd bl r sponso.
picking up ovcrrun cosrs. A bird hrs sohed myrirds ol prob
lems in rcnrdlnxnrics aid slruclures, includins p.oblcms sci
enlists h.!c nor cv.n recognized ye!. Idenlil)ing rnd
in!esrigrling lhcsc $lutions provide lerlile rescrrch

SO]\II] BACI{GROUND TACTORS
AND PERSPE('TIYES

The.c hrve bccn r numbcr oi cvcnts xrd p.o.lects which
'.,'rd u |,.1,(r,\. 'rl,.r ! l.r Jr ..c.p 9,,,"e,I
ol light derice\. /\ b.iel rcliew hcrc ol thcsc cvents and
projccts will s.r th. \1age Jbr the conrpdrisons ot nrturdl
versus rnilicirl !crcnrutics device\ which iollow. wilh lhe
re!iew illunrinr(ing somc kcy points.

In the lj1€ l 9l0 s. nr) hobby ol modcl airpl.ne llying in-
troduccd to ne the compdrison of m!n s conslructions wilh
birds, rnd an r|pr.cirlion lbr lhe ellectiveness ol birds in
locating rrd using lhcnnrk. I ronr I9:15 11] 1956, a comnit
nreit to srilnhnes rnd so..ing, as scicnliic r€search lopics,
iufthcr tunr.d ili! , Leresr in rnd dwc lor thc flighl ol so.rr
ins birds. A frpcr bl woodcock ( 19,12) litled SoarirsOvc.
Llie Opcn Occrn.'mad. r deef nnp.eslion on me becausc it
scc .dtubcrrr jdcrlsortolscicnliliccxltri reil.oncshich
had sigiiJi.r..c r d let could bc conductcd $iiholl liy
spccial cquipnc t He $dtched so.rirg birds du.ing x lo.g
ocern vo)igci :.\r \!hether lhey soarcd in circlcs. srfuighl
lines, ordillfor $rr rt allt iotedlhesind spe€d rnd lempcr
<t1ure dillerencc bclwccn !ir !nd $rt.| und Jound th!1 tlc
rlnrospheric lloR p.llcrns indicarcd bv the soaring tech-
niqucs ld thr v.nous *in(ls ud strbilirics wcrc !nrbgous 10

lhe p.tlcrns ol Acndrd cell\ in liquids which had bccn studicd
in lxborrlories rnd td which qurntitrhve lheor) srs wcll
deeelored. Tl,us molions oi scalcs of nilliDrete* i laborr-
r,!! l,qunh lin\olrirg molccuhr LrxnslcA) $erd rehrcd to
mnions iLt iL dillionlold scrle iicrcasc in rhc rtnosphffe
(irvolvins rurbulent eddy l.rnsler), *ilh bi.d obscrv!ridN
providirg thc kcr drtr link

So,r'ehow. rdvrncing scicnce by srlching birds solring
scctrcd r. rl.trnl reserrch (cchniquc. In 1976. on r rire
ldnri1} ric!tnrn d.i\irg.ctuss lhc LJ.S.. I rcrlizcd th.t ccr
rrin slnflc obscrv.tiofs ol birds in circling llighl could pro-
ridc rrlurble irlormrtion on thelr a$od!.a riccrp!bililie\.
1n lrcr, crcn rhc iri fieht r\chgc lilr .ocJli.itfl ol rhc rLrloil
could be inrercd. The !rcrtioning sludy had two kuitiul
outconrcs. bc\ofd rn lnilirl irfttrnrl trl)cr (l\'hcarcrdt.
l9l6) I1)r orc. drr ..mpdri\)r ol lllghl chrr.cteri{tics he

rNecr hirds ol dillir.ir steocs Nnd hdng eliders rnd sril

Thcr. is still ,n.re!si g brsic rcserrch !bour bircls rnd
thcir cvolulion, but if we recog.ize a co.ncclion .l rll Lo

.ircrall.lhc conncction is Likcly tt) b. orl) lh. rlrrrrhe-lrct
rerili lion thal r rnodcrn dcsign $lu(ion could hlvc hccr
Ior.told by observi g ho$ nrlurc hrs bccn doing it lor mil
lbns ol )Qrs Lrsidg nrt,,.c \ dcli.r ing (o trelf us sollc fc*
!cronrutic!l pnnncdrs is nJ. I'crhrt\ the apfrccirlior 1or
clolLrlion .s r mxstcr d.signcr oJ r.ron!urr.rl loi,)r !nd
Junctio. bed suits the srilphne hckl. S!ilphnci. likc sornng
bifts. nrust be lery ellicieril rnd nrusr bc oNrrrcd .filcicntly
1o utili/c nrturci invsihle lilt,, d { srilpldii. pilols rnd
designcb still obsrnc birds crrcitrll! r.d lcrrn so,relLing

Co.!idcrrblc lilerrlurc cris(s rbour frrurrL llight Iiir
g..errl .evie$s, see Lhc Synrposirm on lllinS rnd SNim

,ng id Nr1!.c (1975). Kuclhe (lr)7)), !nl lUcNlrstcA
(198.1), cr.h 01 rhich hr\ hclplul relir.nce lisls.'l hc htLcr
t$o rlso nr!kc mrn\ con)frnnns ol nrLurrl ri,1 .rlili!iNl
llling deviccs lhe locr" ol thc prcscnt |.tc. h of rrle.rcd
ilcns not.ovcrell ln th$e docuir.rls. but o!crlrp is

(rrcumslrnccs hlrr i rohcd nrc *ith the interhce bc
twcen rlurrlnight ( bi.d\. 0lerosruh. iisccls. et.. ) r.d Nni
licirl llighl (Nirthncs) Thr erplorxrlois hr!c heen
slinrulrt(lesl)eci.rll\ lhn)ugh th. \ubjec{ ol |!nrrr l {ered
llighl rhcrc,n nrlrr.l nruscl. is rire! rd $irh r ili.irl
slnrclurc rnd nr€rhr ilns Ih. crtlQlion\ hrvc cnrDhr-



pLnes terved rs the crlrlin ld thc idcr behi.d delelofiig
the Gossrlner Condor (see Mrc(lrc!d!. 1978. 1979j Bu.ke.
1980; Grolser. l')3li rnd NoyN. 198:l). 1_h. oth.r oulco e

sas r .rore carelul inveslig.tion in l9lJo r.d 1932 into the
night .htirrcteristics ol liigrlc trirds, fossibll rhc bcsl oi xll
natural sorren (NfucC.erdl. 198{) 'l his lrttcr sLudy sug
gcncd thll !) lrigxte birds ni) somelinres opcfutc at r sur
prisinelr high lift cocflicient, hisher lhar ee vould hrle
c\peclcd .L the opcrativc Rcvnolds unber. tind h) rhe biftls
signilicaill) rllcred thc det.ils ol thcir thcmrlifg llighl
nrode aiih the eteorologicrl conditiors, rs do sailplxfe

Our humrn-powered rir|hne p.ojecls (Gossai'e. Con-
dor. 1976-7?; Gossrtrer Albarrors. 1978-79: Bio.ic B:rt.
1984-85J lbcused ou. rllentiofs on the i.re.relation bet{een
birds rnd dirtlnncs. H.nry Kr.mcfs puc chrLl.ngc {'!s to
use humdn polcr to flI A human hxs r low powcr lo $cight
rltio, bul i{ is frcbrbl) nol grerLh disinrilNr lo lh.l ol .
$rring bird. In Nn) crsc, lhe porier lo vehiclc gross $eiglt
ratios lor lhc biologicdllt powered lchicles rre rboul 1*o
o ers ol nr.gni(udc less lhr lhd rallos 1or aircrrll N$ered
by internll conbusUon e.gines. The low po$er to weiehl
.a1io is conrpatihle $ith llighl 

^t 
x low $ine lolding xnd

Altcnuon 1o los speed flight slinruhl€s !r1enrio. 10 the
cllccls ol .1mosphe.ic lurbulence on eliiciefcy !nd coflrol
labilili. Perlbr r cc ol the Gossarner ri.cr!ll dctcriofulcd
ru|idll wilh increasing lu.bulenc. At a flight spccd ol onlv
live or six rneleN per se.ond x geitlc locrtiTcd upcurrcnl o.
dosncurrentol0.j m/s mcNns r bcrlrnglc olatlrckchrngc
ol xbout 5' wilh conscquent ncgaliic eilccls on induced drirg
rnd f.r.silc drrg Thc clllcls on stNbiliL) car he eren .rore
signillcrnl, rs lhe elleclile rngles ol dLlrck on surlaces ex
ceed nrll limits lnd lhc conlrol limils ol aile.ons. Extre'ne
crre hdd to be excrcised in lltj g ou. solur porer.d Solar
Challenger at about l0 m/s if turbulence n.x. thc gnrnd.
Si ilarl!, operati.g hang glideF re!r th. Sround. rt comp!
ftble sFeds..mphasizes contrcl limitations in turbulcnce.
Birds havc thc brains !nd rnusclcs to !.ticulatc thcir wings as

dictalcd by thc localairflo*. and hence Il) vithout problens
in thc lu.bulent condilions whi.h lrouble th.sc pilotcd

I rn" ly. , r) fros, ! T.,r.r f"r JrJ ' n\' ' I I:,r ,. . .'
designerof ac.onautical crcNturcs got rnolher boosl recerll)
as a consequcncc of my sta.ling on r projecl lo rec.erle r
tlying rcplicr oi a gianl (ll-nreter singsptrn) tlerodrctyl.
Notonlydid thcsizego wellbeyond the limil sizc ofa natu
rrl nling creature as designcd fon cxlnfohlidr by nrn
da.d scaling hws, bul thc taillcss jlicr likcly hdd ! \ring
*hich lrs unstrblc in pilch .nd so the plercdrctll rust hlve
trscd vnnc mrnner ol aclive conlrol ($ing sweer'l) nr pro'idc
cflcctivc stabilily A hunl lo.litcrrlure on bird fitch slrbil
itt rnd controllabihty was genefully unlruitlul. Anrbgous
birds such as th€ albalross, g.nnct. dId cvcn se. gulls. in
,noolh slow gliding enrflol cssciti!llt no Lrilsi lhcir Nclilc
control systcnr dcservcs studJ.

Stxrting with rhis backgroufd. iL seenrcd .elsorablc to
cxplo.c brordll.iun whrl llighr.el.ted Jtrl!rcs nxturc mry
hrve developed prior to civiliTrtion s tcchnoh)gical rcronau

()vfJRvtE\t o[
NAIt Rll VS ARTIIICIAL I.[.ICHT AND Fl-IERS
lhc.c rre several ajor ltictoA wher. bitds (or olhet n{1-

,'r,l rliers) cafnol be exF.ted to bc di.cc{l} xnalogous 10

.irpl.!es. One is in tlrnsonic r d \upersonic flighl, which is
ccrlrinl] onh mrn s pr.rogative (natural flight cvolution
rrs e\er corcerncd with aerodynanic ellects of thc spccd
ol sourd). r\nother txctor is the power syslem Thc high cn
e.g) densil), rnd cspcci!lly the high po\er-lo'weighl ratio,
ohtri ahlc $irh lo$il fucl lct airplanes achieve speeds. alri
rudcs rnd lord cr.r\iDs crprcitics which are beyond consid
eration lor birds. For the nrosl part, thc best direcl
correhlions bctr.cn .iitural and drtilicirl fliers should arise
liom (hc l.rgcr nrlural fliers vs. the sndllcr and slovcr

 n obvious diflerence between bi.ds rnd aircrafi is thrl
protuhion in birds comcs lrom flapping wings *hile in an
tiirthne il comcs f.om rctrtiig machinery (propelle.s, either
cxlcrior ro or iireg.dl {ith rhe engine). But tbr each propul
sidr method lhe mechrnical-lerodynamic propulsion cff
cicncl durine noflrral llight is usrxlly within 1 109" of 85',,.
Thus lhe one method does not offer xny grcrt xdvantagc ove.
(hc olher lo. pru|)ellinS lhe vehiclc.

The bi.d oilcrs grcat icalurcs ol vcbalilily. For exirmple.
ruklets, *aler ouzcls and cormor.rnls are elleciive in flyirg
through thc rir, w.lking on lhe ground. and operaiing on and
undcr lhc w.ter. No doubl a manned airplane could be con
strucled lo ,lo rhe sanre. but lhc undcrtaking would be

A bird s ver2lility is 10 some exlenl rssocirted wirh the
us. oi parls lor multitle tunclion\. For example, d bird's
wings.rc ftr propulsion. lift, and slability/control wirh va.i
dhle geomelr) lbr !arious flight nrodcsi aho they serve ior
ornrtuentrlio . !nd lor insulalion when rctractcd. With an
!irplanc th. function ol each pdrl lends to be moro spccial
izcd. Fd thc ultimatc in emciencr_ (the $ilplane wilh a besr
glidc r.Lio cxcccding 60rl)the separation ol lunction is dis
tincl The $i.8 hrndles lilt cfljcicntly (and roll conlrol).lhe
Jusehgc hrndles lhe pryload (and supports the landing gear
!.d tril). ] d lle lail provides ]aw.nd pilch stabilitr and
control To use the pilch conlroldevice to conlribulc to lilt {a
canard). or ask the !ins to handle the stabilizer/elev.tor
r.'.( /.' lli"d $Is) orrfr^r rFe. rpl r.le eir'cren.) (\(1
1l'ough i1 nrd\ olle. benellts in othcr arcas. Fbr an airplane.
the loltl Jlighl s)'s!ern crn be modified to permil cmphasis on
clllcicdci sh€.e i1 $ eedcd. A long runw.y permils dn dir
lincis dcsign 1o emphasire cruise elticiency; il r birdlike
lrkcoll ftom r trcc or ironr unimproved ground were re-
quired.lhe vchiclc sould bc Borc likea helicopteror Hadie.
ie1, willr rnuch lo\rcr cruise ellicicncy !nd payload
crprbilit!

Nxlurc hrs cvohcd lull llighi by at least fou. s.prrdte
roulcs: birds. m!mmrls (brts), rcptiles (ptcrosrurs)and in
secls. Fr more linrilcd llighl wc can even include Rling fish,
glidiig ma inrls.rd seeds. when fi11irg a pa.liculrr cco
logicrl ni.he, slr iivolving a Hying an;ndloilbout one mc-
tcr singsprn, the rulcs oi conscrvdtion of cncrgr-. rnd
momcntum, lhc rc.lities of viscous flow phenonrend rnd tfie
linrils ol biologicrl poser xnd biological shuclure diclrlc
thxl .dl!rc linds rathc. simih. solutions no mnttff whxl the
std ing point Figure I jllun.rles thc dilTcrcnt skclctal solu'
tiors by rcplilcs. b;ds and brls lo. producing r wing. Where
birdsrnd insectsoverlap. aswilh a hunmingbird,nd a h.tk
moll (hu'nnringbird moth). the appearance !nd lunction.
both lor fiighl rnd lor ic.ding on ! ilowcr's.eclur, ..e rc
nrrk.bl) similrr. bul lhc iincr struclurNl dctrih rre quile
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llum!n enginccb lace lhc srnre !erd!frdric.crlitics ol
cncrg], nbnrcnrLrm dnd vi\co\irr rs d. llling rtrim!ls. bul
rhc cngiDeer c.n ulilizc s!ructurc \l.ength ro wcight xnd
ptupulsion powerlo-*eigh1 eliici.n.ics {hich rrc nrany
rimcs rhorc d!albble to biologicaldcviccs.

ITIRDS VS. AIRPI-ANES
A LonS Iligh{s

Airc.rtt. wilh !iFbre!1hing cigincs, hrvc sl.ycd .1o11 8,1

hours and covered almosl hxlithe circumlerenc€ol tle ea.th
wirhout aerial refu.ling. With rclucUDg. lhe duralion rises to
6:l ddys, !nd distancc to morc lhan lrou d-rhe'world Birds

, U (ir '{.n n rl ( JUr " .' ,1., r.' r ."1 r '

1) Tlie {o1) teflr crn s1.) rloit lnr }cxrs 11 r r1ne. Ol'
.oursc i1 uses rerirl relueli.g. primrrih to snrtch iood
(lish rnd $ruid) l;om lhc ocern surircc without
rLightifg.

2) 1 hc Arctic tcrn migr,les Jiom the Arclic !o the An1.rc
lic. covcring thousands oi milcs helween laidfulls and
suying !lolt d.)s.nd wecks rt d timc.

:l) The r!b!-lhro!1ed hu.rf,lngbi migrrlcs lrom Floridd
to (lcntfu l Amdicr r.ross the (iull ol N{erico.

4) Somc ssilLs strr xlolt day and night.

B. High flighrs
AircrrJi cri c\ceed 80.000-lirot tllirudes. Birds canl

conrfctc. hrgles hrve heen seen highcr than 10,000 ieel. hul
b;dr $rncn.icc rriscs only lronr locrlions o. thc gturnd or
.err lhe ground. and there hrs bcen lillle evolulionary pres-
sure on high illirude flight

C. Nrvigrtidr
Aircr.ll nrvig.lc olcr lone dislrnces using de.d .cckon-

i.g, the r'.g.elic coi'past. manl radio aids, and cven jner-

Lti '1. lr{ ", " r. !,.rd.r h."d\. n.c JnJ:'L\"r.,\rrJtc
ellecli!elI during longiisl.nce migraLions. They app!renlly
use x !,rieh ol clue\ a.d se.ses. includi.g visual geogfuphic
l{ndnra.ks. cclcslirl objecls, sky |olarizal;on and mdgnctic
liclds. Most rnruifg. somc migrations r.c conducled with
oul lhe bird hr!ing cxpcricnce lor lhe p.rlicular llight. Thc
desli alion i\ geiclic!lly frc-programmed into the bird\
l , 1,.. J 

' 
- .. n ,d.rrd rlr''.1,I\ l. r,I rrh , 'rs:, rol

or r cruisc missilc. c\ccrt doing {hc hfuin joh wirh lcss m.1e
ridl bul rore vehrLilirr.

It hxs bee rel)orled rhal birds do weathcr forccasling, to
pick thc right fhasc ol a mctcorologicNl pressu.e system
\!hich sill providc lhe l!ilwinds nccd€d ro m!kc thc mig.r-

Sonre b,rds use echo krcdrnrn over shorl dislxnccs. rnd of
coursc nosl brls do. This is lhc rcoustic cquivrlcnt ol.adar.

D. Flighl mrieuvcrt
Aircfult nrdrclinrcs rre llown in founalion, pcrlorm acro

batics rnd cigrgc ir doglights.
Birds do tlrc sNmc. The form.Lion llying or ducks r.d

.qecse salcs cnerS) rnd trobJbll s$!es sode $.irl .onrnru
ric!1ion l!rcrion Sofre birds seern 1o do detubrtics jun ld
thc iun ol i1. t h!!c obs.Ncd d r.vcn doing t.sl .olls which
had no obrious rchtion lo srvins energy or acquiring lbod. I
watchcd r liierte bird clinlb to cloud base in a thennel, lar
too high l,i sc.l Jnod. thc. Lumblc to low rltitudc like r
floptrng. linrt rn8. rn inclcg!nl descenl mode rhich looked
likc lust lin rhc iun 01 il.'

If !l\r '\jiic. r rc Brlcleur rrgLc. {irh r Diru\cul. tril.
\!,llinlentio i lll sonrersiL,ilt ii llight r\s (ordir dogileht\.
thcs. xrc cotrrnr llrwks will fieht c.ch oLher, !id rrtrck
trc! in (hc rir trs {cll rs ssooFlng do}i $ grcdnd brs.d
prc) Snrrli bi s llghr oll hasks to p(ncct lerritor].

Wh.f ir.onr.s nJ brrds, brts rnd lNr8c insecls crlching
.'.'Ir r' I_ll. |. 'rcr.t'o .'"1 ,,.' ru\'i I'
bolh \idc\.cseirhl! !cnrl cornbrl wxh iircfuft _thcrc rtc
slerllh 1c!hnrqtrer. .iL.roulhgc. corntcrnre!surcs rnd

L.  .( )nrnrlc\:.,irlorl\
\' r'IL.

; ,. -
;. tu--*-"- --id " 
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Flgure 1

Arms and Fing€rc lnto Win9s
Ths s a ngure prcvid€d by Lanqslon (1931).



rhen,rr \,rndredr< 
',. 

rhe e h. \c l.cen h.fr i, ,tru\<mL-r,
i'undersr' J nr.'ld-.nt-ol,npb., nd .\ t")(r,.r..r<..ir!
Ltr del,c.',.ng or dg "nu imtr"\ rnlr n tch.n{ I r{ F. 1,. Mrn
hxs.elincd seonelryi added sl.tsi p.ovideil fl!ps and slots
and multi clcmen! ai.foilsj insldllcd bourdary la].r trippe.s.
vortex gencmro$ rnd fcnces: rpplicd spoilcrsi and utilizcd
variable geomctry !o ldapt a configuration ro varlirrg

Birds hr\e enginc.red all ol rhe \anrc airfoit ftdlurcs. as
needcd ld the Revnolds nunrbcN ot 10.000 ro 200.000 at
which thcir flying su.laces generallr- operarc. When il comes
tolhe lowcr rxirgcs ofR€ynolds nunrbers,lhc birdt sotuLiors
nrrr_ be bctLcr than nr.n\. The liigxtc bi.d resrs cited euticr
suSgested rhat a cL-1.8 *as achievable at a Reynolds.ur,\(, ul Jbi,ut .0000. P.n )Lu(t ( o-,. ta r, tojr,ut
rur. lnd Tuckcr d.d Pluott (1970) lor a hlcon suggest
CL:1.6 is likely obiainable, but lhe mcasuremenls arc no1
definilive. Pennycuick (1981) comnuled, ft, slope $arin!
birds,Cr_:1.6-lloririsalebirdsand t.5tforbtackvutrurcs.
Egglcston and Surry ( 1980) m.dc wind lunnel te*s on com-
puler dcsis.ed rirloils ibr modcl r;rpllncs and for sclcral
tbund CL.eaching 1.6 for Reynolds nunbers i. rhe rangc
14,000 50.000. with the highest CL> beinS 1.76 !l
Re:16,000. Carmichrel (1981) rnd p.essnell and Bakin
(1982) sho* thc influence of boundrry laye. lrjppers and
invig.%ru,. on rn"\inum at . i.d e\<r Drc.pn e\p(ri ncn
lrl CL: I 7 lbr an airtbil it a Rcynotds numbe. of 30.000.
Dilly ( 1981) cites maximun CL's reachins 1.8 (wi1h very
high drrs) a! Rcynolds numbers up ro 60,000. Carmichael

shows thc *ide vrrialions in mcasured characteristics in dii
lercnt *ind tuniels. Thus lhe ohscrvations on maximum CL
ror boLh birds .tnd xrlillcialwinss at these Reynolds numbcrs
rre not dclinitive. bul lhe data sugeest that nalure\ designs
crn bc as sood as lhe besl ol mrn\.

Thc crcs section ol a !ulture s primary feather, shown in
Figtrre 2. sho*s x vertr sharp leading cdsc. waiifan (1984)
hxs investig.lcd hos the design ol effeclivo airfoils varies
wilh Relnolds numbcrs, and concludes the leading cdSe ra,
dirs slrould be less th.n 0.259. ofthe chord al Re:35,000, ar
which lhis lealher oflcn opcrates. The observed leading cdgc
lits this fiiierion. Wrinfan noles:

'-Rcdlcing the rrdius ol thc Ieading edge rurbu-
lates theboun&ry laye.c{rly and helps keepthe
l.r 'rt "l ed. lhb (II(Lr is cnhln-eo rt lne JrG
ioilhas rcldtively litlle curlature in Lhc hrst 5%
or so of thc chord aft ol the radius. TurbulNting
the boundrry hyc. by sharpe.i.g the lerding
edge incrcrscs lhc maximum lilt of the airlbil
and decreascs its drrg d.amalically."

F. Slruclure
The variablc scomerry which is rexdily oblrinable with

nalu.rl wings is lbe cnvy ol aerodynamicists and structural
cngineers. The bat\ frngers (Fig. l) can be conlrolled lor
violcnl maneuvers. The prinrary leathcrs which are exlended
rnd scp!.alcd al ihe wingtip ot x vulture prcscot. all togerh-
er, a rvide chord. multiple elemenl irirfoil for minimum speed
and high nlancuvcrability. In their verlicrl spread thcy may

+^.!_4
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Fiqure 2
Vullure Prinary Aidoil Modilicalion Under Load
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rl$ dilhs. ro,li.it) rnd b.nchl in(ilectl dtrg. rn r nrrnncr
son.trhrl xfxk)3ous lo Ni glcls.

B\rminrLion ol onc ol lhc Pri:n.r) Jcr(hcrs of I vullurc
enrnh!size\ lhe clePNncc L,l nrture J dcsignine I ig I shows

rhc.i.toil oi onc ol lhc l\o fronl rrinrrr) lcrihcf: Rhich
hcnd uF if glidinB JliFhl rtrd .ddilnrnxll) hcrd ul xr(l (lown

lr ,L|r1 fosirro , rcsl),{rse lod,,{ | 'l!lllirflins Thc
r!Nrcd .cc(rrrgulrr spir cn)s sccti(in i\ wcll tdikt0d 1o til
\! irhin rhc rirltiiLrhxpc re(lrrr.nrcnl! $ h rl. gi\ in! (h! dcsircd

hending li)r up rnd nt brd\. _11,. l,trlron. (.nlcted rt
rbout l0'? elio , p(^ides r l$isr "irli lill io!(ls, ! load

rle!irlior lcchri!!€. Thc lerlhe..ofnrucrioi {ilh h)rbs

ll)irlifg oLLl$r'.1 r(Nr,(l lhc tiI sdr!\ rl) vrN rIr:rirloil
ex rb.r $ith ll)rd (l ig. l) lneidcntrLly. xn inrdvcrlcnl scla

rnD ol rhc rxhllcl hrrl\.\lLn(iinr oul fnnn lhc \|ur or
shrll ir lrlcii errc ol Fcneerl\ b) ,r,er.l\ rouclrrnlr lhc Irc!i_
, . 1, ,l .'.i r " h. I i(rl' 1, \ n" to rl ,,rr'' l."l
,, ,,' l. ,l I r "r lr"' ' l

liLD \.1.r, (Le'i!n.d rnt). tlrn llrr).1r1)0.1r1)0\crr\rgo
lhc h,,lln\ lr.rlhcf srir ((luill).onrurcrio lils rhc n.ed

Ir .onrhifin! \rrerr!th ri1]' li!hr,,es. Souc binl $if! boncs
., ul.srlr.r, L lt\' 1 .,r, 1 u...,.,r "i'r
(o f,rvcrr rrcLling ol rlir lliif srlls Ilrc$irgbof$or'hrgc
i'lrR)dirtlli,.c rubcs $ith.\rr.,nel\ lliin \rLlJ. .r (.nJ.u.
Mr lonsist.nl \iii, l(N !i ! l(]rdin$ ir n,ilt,)l rl!. ltr.gc
sins,frrs. ln ri,r!re. r,e sids hof.s li,rndlc rll $irg lor
sirlr. h. riLlr rnil sht,rr ,,,rLl': thc lc,rllrcrr or nrcrrrlj.r.,js
frdide rlrr iLo,\i)rrnri. \l,iLt,c \\ jth lh. \rrlerrrLe:. lhcre
i\ ro D trh( Lrtrc e.rrL rr,L!, lo. h.Lidl!fg rohi, Lords
'11'( (.r''i., \''.1.r .\,i:r" , 1i',,'"... ,

l;,'r". r.r' . .. 
" 

..,.r, ,.I N. ,.5(
strt {rnJ Nr lirrf' rss,.irr!11 \r,!l\ or e L!c\) lr.,,lk\ rll rht
nriLln lo.ds. $irli ,,niiri)r rlrxl[,,\iL rrrrou di !-rlLtrc'
(lijr Lunrr !- thc Solrr ( Lrrllcng.r- \ec Nlre(r.i(h cl rl-
I'i8.1) Hi!l,er {iig l,),,diriti u\urli\ J'c r$!errrcd $ilh
irtr \{,).1 \kr", i,n\rfi.rn, 1(i l,: f{1. r,, \iii,,

I hc !rri, b e lcomc(rt (il l,iftl' rings xrd li rl\ |tlnrirs the
ciniligurrti)n r,' hr:!hf(c(L r,) th€ nee,l\. h,'lh hr rIr{1. r.d
l)\ :rLr(*l.r\11( .1lt.l: Thr !inrlt iri.rrli {\st. r i'r(l htuin
rln) rclllht ,lrsrlcs h($ r(i rller lfi! rnD irututi(in llius thc
l)ii(icrn r.itrli) ,rllusl lo \L,ti,,!r rudru cn.. dLLrirri hfd'ng
,\ ,igld rving,,Lrtl:,ne Qdror: rhr rl(,s rnslcs rif \rrr
h!tti (l th,\. $hL.h Ur i. hrndlrd t,r , itt xid rliL \ rnLl
:llrnr\ Tir(.. 1r.,1( I'r!'r , !.i,,r!.: i1!,j nt'1. irllr trIr.rl! 1()

u\.l\isrLn!t rirr{!lil \rtr!\ l,..i,rfrti..:.rlh((i!!!en
liclrSllr \i ti.irLr ( ! irt.litr,, r ii, 'r)) LLr ( L r1,. lrn.
ge. ur€d ll,,.,L ng niLnii\ tr' r.hi$. il, lrnlih, it\ .ren
r,c\LDd tlrt '1. I ol lh! I \(,1 ,ifiLff 11, r!. I h. Lrr ri,qu.
a,trk.d \ ..LJ$ L, rir.. l'..1:,,:tl ,, t' trir
!.srlile(ilr\ l,n.\(l')sli lri l!rir.rr\r.N. fr(lL !il.r
i sILcI rlr.1)r Lrt ]rirLlri.rr.h \LNg *rs. !lonrrli(i l\ nrlril

(,1 ii filrli ir r rltiLrlLll rL , 'f l r,iir tr \l{!iir ( 
t_

locrrin! rhcrnrrlr rnd fl)vinj: ro rhc srn)dpcsr norri,)n The
rircthods hJ {hich rhcy lind rnd sc lhcnndls are nol !fder
sLtud, cr..nr thrt !Dr€linrcs onc bitui will obscrvc riother
crtching r lhcnn!l rdd $ill Jlt oicr t,) usc thc srnr (hcnnrl
(.\ sNilplxnc' usc olhcr srrlphncs rs lhcrnril indic.tttr{. rnd
.ccrsionrll\ \rilpl.ncs use hi s. rnd birds use s!ilthics)
llirdr "insti1,r,. rrliur" dc.rtrr\lrulcs renurkrbl0 crle.-
lilcncss !\ r hrwk or vulrlrc cruiscs lilomcter aller kilome
r.r rl l0 )rr.^ dbov. th. 1r.cs. $itlrout wine tLtpirg. but
*ith r grcrl (l!.rlol nrneuvering {o lriin\hle lurbrltnr !ps
rrd ao{rs i l,) suslrininS 1111. The insrrumenlalion !lso is
rc rrk.hlc xi ir rcnnils birds to.qr!b insccrs iid olhcr ob-
jc.ts ou1 ol rhc xi.. ro s{oop do$n ro the grou d or wrtcr
$.hcc n' virtch a N, sc o. nrinnos. or in thc crsc ol lhc
nclicin.lo fl,,nlr r.curitel) inlo lhc \i,tcr ro cr(ch ! hrbs
s|.iice 1lsh. l l,e brolosieul ilier.lso ccr tri.l) has lhc !b,1,1!
lo nro ilor "onAire lernDcrxture. rid |sscss the umount of
''lucl o. h,'iL 1l lhc vis,rrl rcuitl ol hr$ks is lcgcrd 'r. lor
linding trr\ \ i\iL nri,r h. one ke) td (h. \cnsi(ivc ,rred
Ll,rnb indr.,r.{ $r'r h .r lrrl ,, un 1,.,v( l,r' .F\c\\ing uF u,.
rcnl detiiLs. e{rhLishiis rehrire heiBhl hI trrall r rs rhe
bir d noves r o.g its llighl l)xrh. bu1 Lhis crnnot he lhc cxpla
rrrtion lor r lri!rr.biRlrinding lilt in r 8enrlc con!cetive cell
over r lcdtur.Les sci

Il. slrbitir\
/\s wirh r ll rnLmiLls. hiids hi,v€ eil0ctive rcli!e .ort.ol

slslenrs. Ior irf .\tr. rclr elli.icnt \rlrer su.h r\ 1|. nlbr-
tr)s or !unner. (turing nonnrl light thcrc is cllieri\cl\ no
rri! lthe ho(l\ s \i irl\ r (.trnl;ncd lt)w-{t.re shrl)e). rnd
\el pmbrhl\ Llrc uider.rrnbcrcd ring hns r cSrlilc filch
ins niomcdl .L ri\o is unslirhl.. SnriLll lorsrrd iL.d l)rcklr.d
rrri!c.rcnl\ 1)l ll'. Rln8 nrx! D.ovide rr rclive contl)l rnelh
((l to p(tri .. nrhle lliehr l)enn)euick rnd $tbbc (1959)
reDorr thrr "rtrrltin! lu|nrrs c!n ll! rnd nrxneurcr x1 no.-
rr)rl rnd lri!h s|\eds jusr i,s $cllwithoul r lril. r (l i\c.ihe
tr.l'lun r' r. iwr. ., J.ll .J\( ,,. rr\"r rLr(!,,,1-.

Duri g 1r.r \icrr n.ncu\c^ ol lrkint oll hndi g. evrd
in{ p.cdrr,,^ .,rd .ollc(li,rg li)(rl on lhc snrg- ronrlllc\ .on
rr,l ir nr.rrle\rcd in!ol\int lrr8c nrotions of *inB\ nnd rril.
rid e\rn ir( \ i nd lcgs. lr iL modcrrle sind. n)nie Lrirds
(esNcirlll \rirll hrRks) Lllo s.en to rcr)1rir ir rn .ecLLrxlcly
{ir.d lrosrr) .e]lr1vc 1o the g.our(l N.lo\i$ ol sueh l]ighl
sugA$r th( hc ,(l rtrd c)e\ ern rcnrri nsiilll N\irrDrd \rirh
rd rrcur.r(\ ,,1 ., n)illinrclcr or $. e\er $hLlr the re\r .l Lh.
brrd a,rrrc(i , (,l.n1l\ rhtIr. The lrei(l i\ thus xn rle!inll)
sl.rhili/.dr, rll,!n Irlji,rg!furtu.csdorothrvcvcrti.rl rins
Lfd ruld.rr I I . rrne\ r,,n hc.ontn)llcd b tid i(lc rh. rxw
Itt..\. ird iir n,!r. birds rl,r horizorlrll il. \rilh Ill or it. ii
nnxlcd Lnr r I $gil,jainrl i\i\ 1o rugn)ctrl vr$ .o irftil {.rs
qirh rh. (i(r\r n.r ( ('rrlu I

I L ,,dd,rj,, r r,, Lirr \.,,\,rif r..h rr u!\
rr,n. lr;rrl\ I r\. r|. .i,i I .,, :f ,,' I

n r\..inri,,!,, ', r.,.Lirfi., r. r i.r,r :rr ri
,,1\e^..r1( tL Ll.., r(j r I 1r (1..r il \t,L.tl

{lt t t.,,rt_{1) 1t.t s \oR I ltRot't 1Q\ 'l
It !rr. i ,. \ lirli th.rl,rrl\,!nr.'inrfrit)o\ilec,rr\rirrrr)r.

,,,ll)ri.\. \rrL ,, ,rILfd t.n1n)1. \.n\tr' r Ll\crv,)\..,nti thrLtrr
,, ,\cilliLlirrr i rliriLs h,(l rcr.hcd rhc t)!if( $hcJr o r. rould
,,i.',cr jL,l !,1.. rt',.,,f1(,1.(1.nifg-1.,ffin!ilri jreF
,.:1,,r' . t. r,,\i,rL\l {rr, /rdl., irlr\ \/r//,/,ri. L r. lrr!.\r
i.rrr. ; :i;i, r. r'i, .. (!1lj ., ,\,rr\f: | ,,1 ! I (r1,. 5n r
llr!rrfu$ I rr. trr,..,,! i h.r!i.r r(l 1lr. ll\L ! lrL[Lrn
(,r{r nillh,) \.i.rr NLd 1,tr:i \ bu.l r h ftl rcscfrbl rrr iL c,in
dtir ril r tr r, rrLer.r'n.L r ) $r\ nr)llilv \rrrr r.rl li.rvrcr
ful llri\ rr. ,, .!'.1 lr !l L.Lr,r:t\r .t..Ln IhtN.lrrtrrl ,\ir
,riJ \ r.r t \r!..rLjr h. \ \lr,,inrcd,iLLr rrlrrj sl!(lre\ rl c.c
rr,rrl rh. Q\ , !rLirr

,r,l! itrl l,,r r .r\ riJ.r
i lrr ,.,,. L ,,f. i,r

lir\ iLJ. 1r,.1.:\.,r



The fossil €videncc fo. this gianl pterodactyl is merger
Jnil . ^ nro\r derril\ ol ir\ .hrpe ipprurancc rcqd re co,Jec-
lure. The consensus ot participanrs in a 1984 inlormalwork-
shop al Caltech on lhe subject sas thrt it rcscmbled
somewhat a mixlure of dn dlbatross, a frigate bild and a
crlrne, enlargcd more lhrl six-fold. Figu.€ 3 shoNs the con
senrus dimensions ol 0&etzakaatlus No/thtopi-'the ne\t
seclion considers sizc vs. pole. questions.

The lpecial p.oblem wilh this crealurc is to ha.dle rhe
pitch stabilily/conlrol challenge of a lailless fiic. Nirh a
cambered memb.rne wins which probably had a ncsativc
pil.hing monrenl. Since early 1985 we have been ftying N

) i (r.r \nJn rrd,o (rnrrull(,1 rluJcl $i.h .s,nf ng-\,ng
conlrol instcad ofelevator conlrol. W€ arc cdging cautiously
to{rrd acdve controlbased on employing an anglc of altlck
vane 3nd pitch rdtc gyro as sensors to handlc pilch st.bility

whcn thc horizontalstabilizer has been conplelely .emovcd.
As plcrosaurs cvolvcd to the larger sizes. for which tails dis
appcarcd as cmciency improved, rhe relalive size of the
brrin inc.cascd. presumably pardy in response 10 the in
cre.sed demands ofactive conr.ol.

Elenrurltlisht oithc full'rize QNo replica will bring back
io the skies r long-cxtinct fly;ng .eptile shape, and will help
.^in.e (\ peoolein(,uluriunrnd narurc,ensircenngcapa-
bililics The species did nol survive the "g.cat exlinclion"
rboul6l,{X)0,000 years ago. bul neverlh€less il probably was
a su.ccss fo. much. much longer than nan.

SCALING LAWS
For r nishtvehiclcofa sp€c;licshap€ butvarling size (say

defined by sprn, b,) and va.ying weight w' if ve ignore
Reyrolds nun)bcr €llecls, thc power to flX P. is given by

p_w3/2b I (l)

Noting thal rrc! A is proportional 1I) b2, Eqn- I trans

p / \! -vilA ''l
Thus lhc power per unit weight is proporlional to thc squa.e
ro"r ut - ing l": ,lin" Jnd ,r lollos. rhdl ir .\ clso 6 propor
tionallo the speed lor minimum power. The conslanl olpro
porljonalit] varies invcrscly yilh glide rario, ind so lhe Irrge
vehicles. narure s or man's, opcraiing ar higher Reynolds
numbcs. will be ,nore elllcienl and take lcss poler per unil
weighl. tb*cver. the square-cub€ law" means that as siTe
incre.scs, weight incrcases faste. than rrea (in fact, with e
.q . .,(-.Lb< I '^ r(lJri.n.hip bc.$epn ared rrd $eighr. P w
\Jr.e\J. \l I hor br I.FiSUrr:l,hotr,rharoverdhug(si/e
range ol nrturalind xrliflcialRyins c.calions (a mass range

j6r
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ol l0 to I ) the squ.rc cubc la$ rellling 1o mass holds rather
lvell. Signilica.l exccptidB xre the Plerrnodon (a large
plerodrclyl) .nd HPA (humrn |)o*ered rircralt). Bolh oi
these llpcs xre edging Lhc limits ol biologicrlly powcred
flight. !nd nr fcxture sFci.lized consbuctioi wirh lov
sci8hl lbr rheir sizc.

Whrt lhe Jbregoing suescsts is thrl ji lrrgc birds flv satjs-
i'J.ur l) .'r s,_L lo,rl ng. , ' | , i li n ',.'n,l .t ,u1.Jn
froduce conpr.rble powerlo gross $cight ratios ro birds.
hudrr. llight should rlso be possiblc ar co parable wing
loddirgs Th€ l0 ke human-posered (bsslmer Albxtross
with a 65 k! pilol hrs r brcr wing lording. about 2 kg/rn2.
lh.n lxrgc bi.ds For birds, Ilight mus.le is rbour onc loDrth
ol lorrl scight, !h ile lbr. human poivered vehicle lhe flight
nruscle is frorc likc o.e te.rh lhe !ro$ $'cight Ho$e\er. ior
r shorl 1irrc. humrn can p l oul lso or rh.cc rinres the
cquilibriurn ruwer rnd so bc conrl)ljrrble to thc cquilibriLrm
01 a bird. !hile lhe lrrscr hunran,crr.\ins lchiclc can be
norc cfilcicnt due 10 th€ ,e.od).amic ddsign !nd structure
options av.ilablc to the humrn engincer Taking rll oi the
' h.\. nu!un.iJ-r rror' Iu,.,n purcl.J tLt rr.nur.ur
prising I\lrapohling ftonr the llitht ol soaring bnds. the
night ol Qt.t.dleatlus Narthbti is \urtrising. il rhe
squarc cube hw hcld. bcc!usc r si\ or scyef-lbkl incrersc in
b Nould rcquirc r prcpoltio.rlinc.crsc in \ irg loldi gand.
2.j lild, c.cxse in P/w, i)r ro.c lh.n could be nlde up
td by siighl re.odynrmics imf.o\cnrerls trom R.r-rokls
nunrbcr. 1t k |)osible Lhrl lhc $ing lording ol 0rerzdLDar-
/rr No/1rl.tl wrs r.r\, litllc high.r thri thnr ol l!rge sorr
ing hirds ol Lhc vullure !dricl\, d.d hence x
biobsicxlly 'er$ dhlo P/W ilxs .rxintrired.

Thesc dclibc.rtions suAgest that mrn 1s nol the only non
lhiig rrimrl $hich crn bc pcrmiucd ro duiflrin llighl
thnrugh ruscle polvcr ii. $,,1lble vehiclc is tro!ided. Ani
mrl polered llighl using ! dog. rouse or cvcn tlsh is co.-
ccii,rblc. Nnh Lhe size ol lhc llighl !ehicle bcing inrllcr rhrn
shere lhc {urre cube ld$ inhibils flighr At the smrll sizc
end oi (hc rnimrl |osered lligh1 spccouu. lle cllicicnc)
xr(ing lioh loscr $in8 lordifg 1!nd perhrfs lrou x higher
P/W lor sho.t tirre! !risinS lronr lrnrr nrelrbolirn) is tighr-
ing the dc.rcrscd :,,io(i\rrnric cllici. .r duc to ltcynolds

.'l\r . t,. ln 'r 'r" ' ', 1, '.. ,' 
' t

N$ered airpl!rc is lc.hiicrll\] 1elsiblc, t1r. rui. froblcnrs
bcing the 0s)cholog) olrhc rninril rnd olxninral lovers

NA I'T'RI] \S. \IAN AS TN(;I\IiIR
/\tlcntior ro biologicrl llighr, rlr.thcr bi.ds. trrl5. tlcrc

\!u.s or hunrrn 0.$erel Iighr, cmtlrNi/cs bs po$er rero
dv.rrrlcs rnd \rr.t!re\. l.or NI ed.nd unnrr. cd
rir.rrll usins lo\sil lu.l. the nimulus oJ bloloeicrl flight .r
be (o r!isr the siehts ol desl!nch Nof-rcluelcd filorcd
figh(s \i1h d! rions in q..ks r.! rehi.viLhl! \rllh e\isljng

Molhd Nrtrrc hrs hcen designiig lrr . rrl orh.r ltlins
L r L,.,.,, ,,1,. .,. t, r., I

.,,'( l\ J, ir
p!.tose. lnnc bt Nr} oi !crodr nric etli.icn.!. orheh b\
Nr) o1 bj,)l(igicrl id,rtlrhilit\ o. !\url \clr.Lion Thu\ r
bird hrs elegrnllr hrfdleil lhc rcnrd)'frnric tnrblcnrs *,.tr
rs boundxrl h\er.ontirL. \lrbili() rdd scrn!! Ltrsl( sruJl.rl t ,. , r. ..t . i .lr .,

.ble d,vidr.ds 1o both rerer.ch.crjd\frirrrcists rnd
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