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Michael Deakiﬂ1' ixas made an elegant applicatién of dimensional
analysis to defive a relation between the mass of an insect, the effec-
tive area of its wings, and the frequency of its wing beat. A fruitful
al_terna.tiire approach is to use Newton's laws of motion and a simple
model of the vﬁng beat to derive that relation.

Consider a hovering insect. Its weight mg rhﬁst be supported by
the reaction of the wings against the downward flow of air pushed down

by the wings; i.e.,

)/dt. - (1)

mg - d(mairvair
Let us make the wingstroke as effective as seems possible. Thus assumel
that on the upstroke the wings are ''feathered' and have no éffect.

Assume that on the downstroke the mass of air pushed down is the mass

. density p of the air times the volumé swept out b-}.r the wing, which is the
wing area A times twice the é.mplitude Zg of the wingstroke; thus

0). Assume that this air all achieves the maximum wing

velocity, wZ . (We are assuming the wing moves with harmonic motion of -

Mair ~ P (ZAZ

angular frequency w and amplitude Z e ) This takes place once each period,
so we let dt equal the period, 2m/w. If we average over one cycle, Eq. (1)

"becomes

mg = p (2Azg) (@Zg) (w/27). 2)
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For a reasonable wing shape, and taking as large an amplitude z, as

seems possible, we set z(z) = A in Eq. (2). 2 That gives -

) | | o | :
. Wf=mmglea®. 3 -

i

Our Eq. (3)' is the same as Deakin's Eq. ‘(12'), except for one very im-
portant fact: ‘Deakin's eqﬁa.tion, being the result of dimensional analysis,

has an unknown dimensionless numerical factor k of order unity, which

" he evaluates by considering data -presented by Rashevsky. 3 Because we -

used a specific model wé have no »undeterminéd‘c_'Onsfants.

For an ordinar& bee Déakih giirés m = 0.00'1,vA 5'0.006 (all qﬁantities"'
are in .cg‘s units). With g = 980 and airvvdensity p .; 0.0013, our Eq. (3) |
yields a ffgquency w/2m of 1300 sec-i. This is aboﬁt five times the
experimental value of 200 to 250 sec quoted by Deakin for a bee.

Since our model is crude, this is a reasonable ofder-of—magnitude
agréemen’c. Nevertheless fhé disérepancy of a factor of fiv’é is fasci-
nating, because in our ve stimate we have élreé,dy pushed every factor

in the direction that will maximize the momentum d"elvivered to the dir

on each wing stroke and thus minimize the frequency required to support .

the bee. Now, according to Eq. (2), wz is inversely pr'oporti.onal to the
volume ZAzo of air pushed down Ey the wings. - Thus, since the bee
needs only one-fifth the frequency we estimated, he must be pushing

down 25 times as much air on each stroke as we estimated! How does : T

he do it? Does he use the air's viscosity to drag extra air along, or ‘ (/

its compressibility and inertia to push extra air before it can geét out
of the way? We see that interesting and important physics (e. g. , vis-

cosity) has been omitted from the model.
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. In'fact, we freated‘ theva.ir as a collection of independent molecules

not interacting with each other, whereas we know that the molecules

aétually have vméan free path'sv of only about 10-4 cm between collisions,

and form é, viscous cqmpressible fluid. - Thus we cannot expect :.Eq. (2)
or: (3) to be 'right. 'Inc.leed We ‘easil')‘r‘ see that Eq (3) 1s wx.'ong' ai; low fre-
quencies, because from it we conclude that birds _c_annot glidé but must
drép like thrown rocks if they don't flap_‘their wings.

| The quantitative failure of‘Eq‘. .(3) cannot be obtaiﬁed frqm dimensional
analysis (because dimensionalnanalysis leaves us with an undetermined
nunﬁerical factor). Thus a véry simplé model serves two useful pur-
poses: it gives about the correct order of magnitudé without recourse
to édditional data; and by its quantitative failure it stimulates us to new
investiga.tions.. ’ |

I would like ‘to thank Luis W. Alvarei, Sfanley M. Flatté, and Paul

L. bHoch‘ for stimulating and helpful conversations. |
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