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Summary

Both kinematics and morphology are critical
determinants of performance in flapping flight. However,

from the aquatic flight of the ratfish Hydrolagus colliei Our
analyses show that aspect ratio and the proportion of area

the functional consequences of changes in these traits are in the outer one-fifth of the wing can characterize wing

not yet well understood. Traditional aerodynamic studies
of planform wing shape have suggested that high-aspect-
ratio wings generate more force per area and perform
more efficiently than low-aspect-ratio wings, but these
analyses may neglect critical components of flapping flight
such as unsteady fluid dynamics and wing or fin flexion. In
this paper, we use an unsteady potential flow analysis that
incorporates wing flexion to test predictions of optimal
wing shape under varying degrees of unsteady motion and

shape in terms of aero- or hydrodynamic performance. By
comparing the performance of wings that vary in these two
parameters, we find that traditional predictions of optimal
wing shape are valid only under limited circumstances
(when flapping frequency is low, wings are stiff or wings
are tapered at the tips). This indicates a complex
relationship between locomotor traits and performance
and helps explain the diversity of wing kinematics and
morphologies observed in nature.

wing flexion. We focus on forward flapping flight and
examine the effects of wing/fin morphology and movements
on thrust generation and efficiency. We test the model by
comparing our predictions with kinematic data derived

Key words: locomotion, wing shape, flexion, unsteady effect,
flapping flight, aquatic flight, swimming, ratfisHydrolagus colliei.

Introduction

Swimming and flying animals generate fluid-dynamic forcesombination of locomotor traits exists, but rather that different
by flapping flexible appendages such as wings or fins. Theerformance requirements lead to different combinations of
stresses generated by motions of these structures can these traits.
resolved into vertical forces that support an animal’'s weight Attempts to explain the diversity of locomotor traits in flying
and horizontal forces that provide thrust for forward motionand swimming animals require an understanding of the
Both aerial and aquatic animals that propel themselves wittunctional consequences of changes in morphology and
wing-like appendages generate these vertical and horizontidhematics. Two features of wing morphology that are likely
forces. Aerial animals, which must support their weightto affect performance are planform wing shape and wing
generate a larger net upward force than aquatic animals, whiflexion. Both may be altered by active muscular bending and
often generate vertical forces that cancel over a stroke. Despjtassive deformation of wings arising from inertial and fluid-
such differences, the principles governing fluid flow around aynamic loads. These traits, along with the time-dependent
flapping appendage remain the same. The key issues involffew phenomena that result from the kinematics of flapping,
understanding how the motion and shape of an appendagentribute to crucial details of the flow and, thus, to the
determine the timing and magnitude of forces derived from theagnitude of instantaneous fluid-dynamic stresses on the wing.
various fluid stresses. Wing planform shape, in particular, has commonly been

These structural and kinematic traits determine thassociated with locomotor performance during steady flight
locomotor performance of flying and swimming animals.because of the higher induced drag associated with low-aspect-
Locomotor performance can have an enormous impact on aatio wings (aspect ratio=sp#area). Low-aspect-ratio wings
animal’s survival by providing varying levels of speed,generally have blunter tips and, thus, may lose more circulation
maneuverability and endurance in escaping from predators) this region (manifest as tip vortices). This results in a
capturing prey or foraging for food. The large variety of wingbackward tilt to the force vector, or induced drag. Thus,
morphologies and kinematics observed in flying animals (botpredictions derived from steady-state aerodynamics suggest
aerial and aquatic forms) suggests that no single ‘optimathat long, thin wings (with a high aspect ratio and less induced
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drag) can produce more force per area and perform motbey are computationally intensive and thus may restrict the
efficiently than low-aspect-ratio wings (for a review, seerange of variables one can explore. For this reason, a simpler
Spedding, 1992). analytical model that accounts for important morphological
These results are, at first glance, disconcerting in that theand kinematic features is a valuable tool that can be used to
seem to suggest that selection for locomotor performanddentify critical features that warrant further examination.
would drive wings, as well as fins that generate force by lift- In this paper, we investigate factors that may influence the
based mechanisms, to become more similar through time aedolution of flapping wings and fins using an unsteady
eliminate the morphological variation seen in nature. This vieypotential flow analysis and measured kinematics to calculate
is often countered with suggestions that low-aspect-ratio wingbe forces produced by a flapping wing. This analysis predicts
have, generally, a lower wing loading and thus that théhe forces generated by pressure differences across the surface
mechanical stresses may be lower. Similarly, there is a notiaf a wing resulting from acceleration- and circulation-based
that exceedingly high-aspect-ratio wings are prohibited by thehenomena. It accounts for unsteady effects such as added-
mechanical limits of the wing and fin structures that suppontnass forces and the growth of bound circulation. Because the
the animal’'s weight. analysis requires that fluid leave the wing smoothly at the
In addition, these steady-state predictions of optimal wingdrailing edge (the Kutta condition), it does not predict forces
shape may change when unsteady motions such as flappiderived from separated flow, attached vortices or fast rotations
are considered. As flapping frequency increases, that stroke reversal. While the model assumes that fluid is
magnitude of bound circulation on the wing and the forces thatviscid (and therefore does not apply to animals moving at
result from this circulation decrease (because circulation hdsw Reynolds numbers), it is appropriate for a broad range of
less time to develop before stroke reversal). Alternativelyaerial and aquatic animals in forward, flapping flight.
accelerational forces rise with increasing unsteadiness. A critical feature of the analysis is its inclusion of chordwise
Finally, while not a focus here, novel unsteady mechanismsing flexion, specified by a rearward traveling wave on the
such as clap-and-fling, leading-edge vortices, wake captuming. In a flexing wing or fin, the peak of this wave
and rotational circulation (e.g. Dickinson et al.,, 1999;corresponds to the highest point (maximum amplitude) in the
Ellington, 1995; Ellington et al., 1996) will further complicate stroke, and wave speed represents the speed at which this peak
simple analyses of wing shape. travels from the leading to the trailing edge as the wing bends
Moreover, it is important to realize that aspect ratio provideat stroke reversals. In a flexible wing with no active control,
a rather crude description of wing shape in that it reflects onlywave speed will be low (because the wing bends considerably
the average chord lengthafy) in wings of the same area. at stroke reversals), while in a stiff wing, wave speed will be
Wings with the same average chord length and total area chigh because the entire wing reaches the point of stroke
have that area distributed quite differently, and theireversal at nearly the same time.
aerodynamic performance can vary widely in response to that Defining flexion by a traveling wave, rather than by flexural
shape distribution (Ellington, 1984b). stiffness or a spring constant, allows the model to be applied
The functional consequences of wing shape, wing flexiomot only to animals whose wings or fins bend passively as a
and unsteady motion could most easily be understood hsult of inertial forces, but also to those that actively pass
examining changes in the pressure distribution over flappingaves rearward on their appendages (e.g. skates; see Daniel,
wings during flight. In the absence of appropriate technologyl987). A similar approach has been used by Tong et al. (Tong
however, one must resort to a variety of alternativest al., 1993) to analyze the performance of a variety of caudal
experimental approaches. Physical measurements of the fordesshapes; these are quite unlike the shapes of the wings and
generated during animal flight generally either average thift-generating pectoral fins that constitute the focus of this
forces over a wingbeat (e.g. wake analysis, Ellington, 1984atudy.
Rayner, 1979) or sum steady forces for each time step of a flapWe examine underwater flight in the spotted ratfish
(e.g. quasi-steady analysis, Blake, 1983a; Blake, 1983b; Blak@lydrolagus colli€) to test the model. This animal relies
1983c; Clark and Bemis, 1979; Ellington, 1984a; Pennycuickentirely on flapping its large, flexible pectoral fins for routine
1972; Webb, 1973; Weis-Fogh, 1975). Other techniques sudbcomotion. We chose the ratfish because it affords a number
as flow visualization and simulatioria physical or robotic of advantages. The relatively modest amplitude of fin motions
models have been used to test theoretical analyses of flight aadd low reduced frequency at which they operate suggest that
to suggest novel mechanisms underlying the fluid dynamics dfie Kutta condition is satisfied. In addition, the presence of a
swimming and flight (Dickinson, 1996; Dickinson et al., 1999;measurable chordwise bending pattern on the fin permits us to
Ellington et al., 1996), but have not yet been used in a broadxamine the consequences of wing deformation.
comparative context. Fin flexion in the ratfish may be the result of passive and/or
Efforts are increasingly focusing on computational methodsctive processes. The muscles controlling the pectoral fin do
for solving the Navier—Stokes equations and calculating forcaeot extend out into the fin rays, but the muscles at the fin base
production (e.g. Liu et al.,, 1998, and the immersed elastimay fire in temporal succession (Bestor, 1993), conferring
boundary method of Peskin, 1995). While these approache®me degree of active control. Because the model we use
can validate theories of flight and suggest novel mechanismdescribes wing flexion by a physically observed wave speed,
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it is not necessary to unravel the contributions of active anfbrward velocity); this parameter describes the amount of
passive flexion to calculate hydrodynamic forces. vertical oscillation relative to forward steady motion. Because

We ask three questions. (i) Can an unsteady potential flothe growth of circulation around the wing is time-dependent
model that incorporates wing flexion reasonably predic{Dickinson, 1996; Dickinson et al., 1999; Ellington, 1995;
performance (measured in terms of power, thrust anBung, 1990), increases in the reduced frequency parameter lead
efficiency) in forward, flapping flight? (i) What variables to a reduction in bound circulation and a temporal lag between
can be used to classify wing shape in terms of locomotaring motion and force generation. At the same time, however,
performance? (iii) What is the relative performance of wingghis increased unsteadiness generates larger accelerations and
with different shapes under varying levels of unsteady motioimertial forces. Thus, pressures across the wing are not related
and wing flexion? to the reduced frequency parameter in any simple way.

Although traditional aerodynamic analyses find that high- All these effects are absorbed into four coefficients: the
aspect-ratio wings perform better, previous work with thecoefficient of power Cp), which describes the rate at which
unsteady potential flow analysis has suggested that unsteaglyergy is expended to produce thrust and create vorticity in the
effects and wing flexion may be important additionalwake, the coefficient of energZg), which describes the rate
factors that affect the performance of various wing shapesf energy loss to the wake, the coefficient of thr@s),(which
(Daniel, 1987). A better understanding of how these factoris defined as the difference between the rates of energy
interact may provide insight into the functional consequencesxpenditure and energy los€pCg), and an efficiency
of the diverse wing morphologies and kinematics seen iparameterr(), defined as the ratio of useful work done (thrust
nature. produced) to power expende@t(Cp) (Daniel, 1987; Wu,

1971, see Appendix 1).
From these dimensionless coefficients, the power expended
by a chordwise strip of the wing can be calculated:
Calculation of fluid forces

The motion of a flexible, flapping wing can be approximated Pstipi = 4pCp,U S, 2)
by a three-dimensional harmonically oscillating surfacewvherep is fluid density S is the area of strip(S=2ljwi, where
(Daniel, 1987; Wu, 1971). The motion of this surface is giver; is the half-strip length and is the strip width). Similarly,
by the following equation for a wing centered on the originthrust can be calculated for each strip as:
(for a movie of the motion simulated by Equation 1, see o e
http://faculty.washington.edu/danielt/Wingmovies.html): Tsuipi=4pCrU S . ()
These measures for each strip of the wing, with its unique

h(xz1) = &z{[ho+e(x+ T)Jexpicft = (+1)/cl} =[x+ 1)]1’ motions, chord length and area, can be summed and multiplied

@) by 2 (to account for both wings) to give the total power and
where the functioh(x,zt) describes the instantaneous locationthrust generated:
of all points on the wing. The wing coordinates in the spanwis: n
(X) and chordwise ZJ directions are both dimensionless Protal = ZZ(%pCP U3s), (4)
(-1sx<1; 0sz<1); t is time. The amplitude of the leading- '

Materials and methods

edge oscillation at any given point along the span is describe .. =1
by ho, and linear amplitude variation in the spanwise directior n
is specified by. The circular frequency of wing oscillation is Total = 22(%pCT,iU 235), (5)
described byo (w=2rt, wheref is the flapping frequency;is =

v-1. A traveling wave of deformation moves rearward at speew _ o _
¢, simulating the bending that results from flapping a flexiblevheren is the number of strips in each wing.
structure such as a wing or fin. Linear amplitude variation in The Froude efficiency of a strig)is defined as:
the chordwise direction is given lay an.d. the mean angle of Nstripi = (Tstrip,U)/Pstrip.i = Cr.i/Cp i (6)
attack averaged over a stroke is specifieq.by o _ _
To compute the fluid forces generated by a flapping wing2nd the total efficiency of the wings is:
we divide thel wing mtq ch.ordW|se' strips and t.rea.t each §tr|[ Ntotal = (TiotalU)/Protal=
as a harmonically oscillating flexible plate with its motion

prescribed by Equation 1. We calculate the fluid forces n . n )
generated by this segment with a two-dimensional solution t Z(ZpCT'iUZS)U/Z (pCPUS). (7)
Euler’s equation (Daniel, 1987; Wu, 1971), and sum the strip i=1 i=1
to determine the total fluid forces (Daniel, 1987).
The harmonic motion of flapping wings underlies an Ratfish kinematics and modeling

important non-dimensional measure of unsteady motion, We collected spotted ratfisiHydrolagus colliej Lay and
the reduced frequency parameter=@l/U, where|l is a  Bennett, 1839) by trawling near the San Juan Islands in Puget
characteristic length, e.g. half chord length, ands the  Sound, Washington, USA, and maintained the fish in a large,
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covered outdoor tank with a continuous flow of fresh se&nd of the upstroke, as this is when the wave is most visible,
water. We filmed the animals swimming at constant velocityand calculated an average wave speed for each fish (over 17
in a continuous-flow flume with a working area of upstrokes in two sequences for the female and four upstrokes
97 cmx34cnx36cm. Two Hi-8 video cameras filming at in two sequences for the juvenile).
30framess! recorded simultaneously the lateral view and the We analyzed chordwise amplitude charger( the two fish
dorsal view, which was reflected by a mirror placed at 45 by comparing the amplitude of the leading and trailing edges at
to the top of the flume. We filmed at flow speeds ofseveral different spanwise positions (measured in four frames
0.08-0.15md!, speeds that induced the ratfish to swim buin the female and six frames in the juvenile). In addition, we
allowed them to maintain position in the flume. measured the amplitude of several points on the leading edge
We analyzed the kinematics of two ratfish, a large femaland plotted amplitude against spanwise position to determine
and a juvenile, to represent the extremes in size of this speci@ghether there was any significant spanwise bending.
From the lateral view, we measured fin tip amplitude, flapping We measured spamyj, the total area of one pectoral fi)(
frequency and wave speed (Fig.1). We computed tiand chord length distribution along the span (Fig. 2A) in dorsal
amplitude H) by averaging over 21 half-strokes in aviews of the female and juvenile. From these measurements,
continuous sequence for the female and over six half-strokege calculated the aspect ratio of each fish’s pectoral fins. We
in two sequences for the juvenile. We measured the paniod (also used span and tip amplitude to calculate the adple (
of a flap and calculated flapping frequentyl(t) in the adult  subtended by the flapping fin (Fig. 1C).
female over 17 complete flaps in two sequences and in theWe calibrated the measurements made from video images
juvenile over 2.5 flaps in one sequence. with a grid on the back wall of the flume, and scaled our results
We determined wave speeg) py recording the total time in each frame by the distance of the fish from this wall (as
required for a wave peak (bend) to travel from the leading edgevealed by the dorsal view). To avoid edge effects, we did not
(near the fin base) to the trailing edge and dividing this timanalyze sequences in which the ratfish was touching the sides
by the length of the base. We measured wave speed only at threbottom of the flume.
We used the measured parameters in the potential flow
model described above (with 10 chordwise strips) and

A compared the calculated thrust with an estimate of drag on a
> T Ah ratfish body and fins because drag should equal thrust when
<« ]~ \C 1 ho an animal is swimming at constant velocity. We obtained
u N drag coefficients for a ratfish bodYCrf body=2.54) and fin
(Cp,fin=0.28) from Sullivan (Sullivan, 1979), who measured

forces on submerged ratfish bodies (with fins removed) towed
at a fixed velocity and drag on an isolated fin with force
transducers in a steady-flow flume.

We used these coefficients to calculate the total drag on the
body and both fins of swimming ratfish as:

Dbody= (PCb,bodyJ 29 , (8
Drins= 2¢pCp.finU 2S), ©)

where &s is the maximum cross-sectional area of the fish’s
body.

We also calculated the forces produced by a flapping ratfish
fin with a wave speed of 100 msto simulate a stiff pectoral
fin. Comparing these results with the forces produced by a fin
with the measured wave speed demonstrates the effects of fin
flexion on calculated force production.

Generation of theoretical wing shapes

Fig. 1. (A) Two-di ional stri ilati it litubie and To compare the performance of wings with different
'g. 1. (A) Two-dimensional strip oscillating with amplitutie an planform shapes, we generated a variety of theoretical wings

moving forward at velocityU while a wave passes rearward at @ . . . . L
velocity c. The amplitude changes from the leading to the trailingW!th mathematical equations (see Appendix 2). We divided the

edge by a factag, the ratio ofAh to ho. The instantaneous location of wings into 30 Chordwise strips and calgulateq f|Ui_d for.ces
a point &) on the strip is described tx.t), wheret is time. (8) A~ 9enerated by the wings when flapping with identical

ratfish with a wave (highlighted) traveling backwards on its pectorakinematics. By conserving wing area throughout our
fin at wave speed. (C) Diagram of a ratfish illustrating the angle simulations, we were able to examine changes in performance

(®) subtended by a flapping fin and tip amplitudé ( due purely to the redistribution of area.
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We fixed span (as well as area) to create sets of theoretiaibtributed, but may provide valuable information; in flapping
wings that have the same aspect ratio, but vary in their chokdings where the stroke amplitude increases spanwise, the outer
length distribution and in their apparent shape (Fig. 2B—F). Bpart of the wing undergoes greater accelerations and, thus, may
using several different equations to generate the wings, wentribute more to unsteady force production.
were able to examine the effects of subtle differences in wing To determine whether the proportion of area in the outer part
shape on flight performance. of the wing is a useful shape parameter, we examined the

relationship between performance (thrust and efficiency) and
Wing shape parameters and relative performance of  the amount of area in the outer part of the wing in a variety of
theoretical wings wings with fixed area and aspect ratio. We also compared the

Before comparing the performance of theoretical wings, w@erformance of wings that have similar values of both shape
asked whether wings could be classified by general shaparameters, but slightly different chord length distributions
parameters. We focused on two shape parameters: aspect rédtiecause they were generated by different equations). If the
and the proportion of area in the outer part of the wing. Aspet¢ivo shape parameters are sufficient to describe wing shape in
ratio provides a useful description of how long and skinngterms of aerodynamic performance, these wings should
wings are on average (in wings of the same area, aspect ratierform similarly. We examined the effects of aspect ratio on
essentially describes the average chord length of the lgigg, performance by changing aspect ratio while the proportion of
average chord length increases as aspect ratio decreases),dvet1 in the outer part of the wing remained fixed, and varied
aspect ratio does not contain any information about how ardkapping frequency and wave speed to determine the effects of
is distributed within the wing. The proportion of area in theunsteady flow and wing flexion on the relative performance of
outer part of the wing is a simple measure of how area iwings with different planform shapes.

0.1 A 01h B Results
RN N Ratfish performance and verification of the fluid model
0.05 . 0.05{====="~_=""- Both ratfish swam at the same forward velocity, and the

aspect ratio and wave speed of their pectoral fins are similar
(Table 1). The adult ratfish has a larger pectoral fin and flaps
with a larger tip amplitude, but the angle subtended by the
pectoral fins of the two fish is nearly identical. The juvenile

flaps its fins at a higher frequency than the adult, as predicted

-
’
P

0+ — 04 —d
0 005 01 0.15 0 005 01 0.15

01 C oy D by mass/frequency scaling relationships noted in aerial
E T 3::\’ animals. The amplitude of the leading edge increases linearly
5§ 005 TN 0.05 NN with spanwise position in both the female and the juvenile
5 . C{ \\: (r>>0.98), indicating no significant spanwise bending. The

amplitude of the trailing edge of the wing was the same as that
of the leading edge at several positions spanwise, so chordwise
amplitude change was taken to be zero. Because the movement

01 E o1k F of the leading edge and chordwise bending of the wing are
~ AN symmetrical on the up- and downstrokes, the mean angle of
0.05 :’/’:““\:\ 0.05 \?::\ attack over the stroke is also zero, so the ratfish do not generate
RN NN any net vertical force.
0] ' 3\ ' ol \‘;I:\ ' The potential flow model indicates that both fish swim with
0O 005 01 015 0 0.05 0.1 0.5 approximately the same locomotor efficiency, but that the adult

generates more total thrust (Table 2). This increased thrust may
be due to the larger area of the adult’s pectoral fins and to the
Fig. 2. Chord length distributions of theoretical wings and a ratfisifact that the thrust coefficient for its fins is larger (1.63 in the
pectoral fin. (A) Chord length distribution of the pectoral fin of theadultversusl.18 in the juvenile). The thrust calculated using
adult ratfish. Total area 0.006%naspect ratio 2.2. (B) Sample chord the model is comparable with predicted drag when the
length distributions generated with a first-degree polynomial. (C}neasured wave speeds are used, but the thrust calculated for

Chord length distributions generated with a second-degreg,. . — n . .
polynomial. (D) Chord length distributons generated with a third-gtncf pectoral fins ¢=100ms") is ~considerably higher

degree polynomial. (E) Chord length distributions generated with STabIe 2). Wh"e the coefficient used to estimate fin drag was
beta distribution. (F) Chord length distributions generated with aﬁneasured n Steadl_/ flow (an_d thl_JS m.ay not accurately represent
exponential function. Chord length distributions in B—F representh€ drag on a flapping, bending fin), fin drag accounted for only
wings of the same aspect ratio (2.5) and area (0.09p9%ee approximately 10% of total drag. Thus, even a doubling or
Appendix 2 for the mathematical equations used to generate thgpling of this coefficient will not influence the total drag
theoretical wings. significantly.

Span (m)



2078 S. A. GomBES AND T. L. DANIEL

Table 1.Kinematic and morphological parameters of ratfish Table 2.Model results and calculated drag of ratfish
Adult Juvenile Female Juvenile
Forward velocityU (ms1) 0.15 0.15 Flexible fin (measured wave speeds)
Tip amplitudeH (m) 0.058 0.033 Power (W) 0.05 0.01
Flapping frequency, (s™) 1.1 1.6 Efficiency 0.77 0.78
Wave speed; (ms™1) 0.302 0.306 Thrust (N) 0.26 0.06
Chordwise amplitude change, 0 0 Dragody-+ins(N)* 0.18 0.05
Mean angle of attacly,(degrees) 0 0 Stiff fin (c=100m %)
Span,zp (m) 0.124 0.068
' Power (W) 0.12 0.03
Angle subtended by fip (degrees) 27.1 28.1 e
X > Efficiency 0.58 0.60
Fin areas, (m?) 0.0069 0.0022 h 0 0
Aspect ratio A z?'Sy) 2.2 2.1 Thrust (N) 47 11
: . Dragody-+ins(N)* 0.18 0.05

Body cross-sectional aress (m?) 0.00551 0.00157

The results of the fluid-dynamic model for power output, thrus
and efficiency of the female and juvenile ratfish are shown togethe
with the results when a wave speed of 100"ssused.

*For comparison, the calculated drag (based on medsure
tcoef'ficients and kinematic variables) for the body plus fins is
aisplayed.

Kinematic variables measured from the lateral view af
swimming ratfish include the forward velocity)( tip amplitude
(H), flapping frequencyf and wave speed)((see Fig. 1).

Chordwise amplitude change) (was measured by comparing the
amplitudes of the leading and trailing edges at several poin
spanwise.

The mean angle of attack)(was taken to be zero because the
kinematics and bending of the fin are symmetrical when awtrage ) ) )
over a stroke. Relative performance of theoretical wings

Span ) and the area of one fir§y)) were measured from the  High-aspect-ratio wings generate more thrust and are
dorsal view of the ratfish and were used to calculate aspec#ratio generally more efficient than low-aspect-ratio wings

Span and tip amplitude were used to calculate the angle sutitendgrig. 3A,B). Wings with more area distributed to the outer

by the fin (). o . ortion of the wing also generate more thrust, but are less
The cross section of the body at its widest point was assumed to Eﬂ‘icient than wings with less area in the outer portion

an oval, and the cross-sectional ar&s)(was calculated fro (Fig. 3A,B)

measurements of maximum body width (from the dorsal view) an o

depth (from the lateral view).

As flapping frequency rises, thrust production increases and
efficiency generally decreases (Fig.5), although at higher
frequencies and in wings with more area at the tip, efficiency
rises and falls with increasing average chord length (Fig. 5D,F).

Wing shape parameters As a result, low-aspect-ratio wings can perform more efficiently

For all wing shapes tested, flapping wings generate motban some higher-aspect-ratio wings (in this case, increasing
thrust but are less efficient as the proportion of area in the outdeir efficiency by several per cent). In addition, low-aspect-
part of the wing increases (Fig. 3). This relationship isratio wings flapping at higher frequencies not only can produce
strongest when performance is plotted against the proportianore thrust but can also sometimes perform more efficiently
of area in the outer one-fifth of the wing. The relationship ighan if they were flapping at lower frequencies.
similar for all four average chord lengths tested, although Wings with high wave speeds (e.g. stiffer wings) generate
thrust and efficiency have different asymptotes for each aspectore thrust (Fig. 6A), but are less efficient than those with
ratio (Fig. 3). lower wave speeds (Fig. 6B). In wings with lower wave

Wings with different shapes but the same amount of arespeeds, efficiency rises and falls by several per cent with
in the outer one-fifth of the wing generate the same amouiricreasing average chord length, again showing that low-
of thrust and perform with nearly identical efficiency over aaspect-ratio wings can be more efficient than high-aspect-ratio
range of different average chord lengths (Fig. 4). Thuswings. The locations of the efficiency peaks (e.g. the locally
aspect ratio and the proportion of area in the outer one-fiftoptimal average chord length) vary with wave speed.
of a wing are sufficient to describe a wing in terms of
aerodynamic performance, regardless of the specific details ) .
of wing shape. Discussion

It should be noted that only wings in which the maximum Ratfish performance and shape parameters
chord length occurs within the inner one-third of the wing span The potential flow analysis applied to ratfish swimming
converge onto the curves in Fig. 3. The performance of wingsrovides a good estimate of thrust and demonstrates the
that continue to increase in chord length past this poirnitnportance of considering wing and fin flexion in models of
diverges from these curves. For the present analyses, we usedmal flight and swimming (because thrust production is
only wings with the maximum chord located within the inneroverestimated when the fin is assumed to be stiff). Our analyses
one-third of the wing. based on theoretical wing shapes show that aspect ratio and the
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§o° P speedH, fin tip amplitudef, flapping frequency.
0.76 L =
8 : X +-+x +x-
0.74 ¥ M; 3;: 2 i §= X m 8 Without this three-dimensional flow, the model cannot predict
072 ol the effects of tip vortices, which contribute induced drag and
0 . 1 15 . influence overall force production. In addition, strong spanwise
0.06 0 0 0.2 fl Il f product In addit trong sp
Proportion d area in e auter onefifth of the wing flow, which may occur at high flapping frequencies, would

) ) ) ) _ alter both the overall direction and magnitude of forces and the
Fig. 3. Performance of theoretical wings generated with the fiv

. : > ' Sirection of traveling waves on the wings.
shape equationgersusthe proportion of area in the outer one-fifth of

the wing. Each point represents the performance of one theoretical LQW-aspect-ratlo wings are expected to have _Iarger_ tp
wing shape. The area of each wing tested is 0.086gmitiplied by vortices and stronger spanwise flow, so the two-dimensional

2 to give the total performance of an animal)=0.15msl, ~ @ssumption may become more problematic as average chord
c=0.3ms?, H=0.058m andf=2.27sL. Wing area was fixed, and length increases (aspect ratio declines). Higher induced drag
span was adjusted to create wings with the four specified aspe@ti these wings will decrease both thrust and efficiency.
ratios (). (A) Thrustversusthe proportion of area in the outer one- Including induced drag would affect the values calculated by
fifth of the wing. (B) Efficiencyversusthe proportion of area in the the model, but will not change the result that multiple peaks in
outer one-fith of the wingU, velocity; ¢, wave speedH, fin tip  efficiency arise from the interaction between planform shape,
amplitude;f, flapping frequencylavg average chord length. unsteady motion and wing or fin flexion.
Interestingly, the impact of induced drag will depend on the
reduced frequency parameter. As the reduced frequency
proportion of area distributed to the outer one-fifth of the wingparameter increases, bound circulation is expected to decrease
are sufficient to characterize wing shape in terms obecause there is not enough time for bound circulation to
performance in forward, flapping flight. Thus, aero- anddevelop fully before stroke reversal. Thus, induced drag, which
hydrodynamic force generation in forward flight appear to bés caused by the shedding of bound circulation, will have less
relatively insensitive to subtle differences in planform wingof an effect on performance.
shape. Similarly, the predicted values of thrust and efficiency will
While the analyses provide insight into the effects of wingchange when wings are flapped with a non-zero angle of attack
shape on flight performance, the two-dimensional assumptigas in aerial flyers that need to support their weight). However,
of the fluid-dynamic model places limitations on some of thdlapping flight with a non-zero mean angle of attack still
results. Because the model is essentially a summation of twproduces multiple peaks in both efficiency and the thrust
dimensional force calculations on strips running from thecoefficient (see Daniel, 1987), although the locations of these
leading to the trailing edge, spanwise flow is not includedpeaks may be different from those shown in the figures.
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Because the model includes the Kutta condition (in which Relative performance of wings
flow must leave the wing smoothly at the trailing edge), the We find that thrust and efficiency generally increase in
performance of wings or fins that move with extremely highwings with lower average chord lengths (higher aspect ratios),
angles of attack, large amplitudes, high reduced frequencaimilar to what has been predicted by traditional aerodynamics.
parameters or fast rotations at stroke reversal (motions causifpwever, when flapping frequency is higher and more area is
separated flow) cannot be predicted. distributed to the outer portion of the wing, efficiency rises and
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Fig. 5. Performance of theoretical wings at varying flapping frequencieSith0069 ni, U=0.15ms1, c=0.3ms1 andH=0.058 m. All wings

were generated with first-degree polynomials. (A,B) Thrust and efficigrsysaverage chord length for triangular wings that have 4% of the
wing area in the outer one-fifth of the wing. (C,D) Thrust and efficisacyusaverage chord length for wings that have 12 % of the wing area in
the outer one-fifth of the wing. (E,F) Thrust and efficiemeysusaverage chord length for rectangular wings that have 20% of the wing area in
the outer one-fifth of the win,, total area of one pectoral fid; velocity;c, wave speed, fin tip amplitudef, flapping frequency.
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falls with increasing average chord length, causing thesgattern (Fig. 7B), demonstrating a trade-off between thrust
predictions to break down and suggesting that locadnd efficiency.
performance optima exist. These oscillatory behaviors can be explained by the
Both higher flapping frequencies and more area in the outeinsteady fluid dynamics inherent in forward, flapping flight.
one-fifth of the wing lead to an increase in the reduceds wing motion becomes more unsteady (for example, as
frequency parameterc€wl/U) in the outer portion of flapping frequency or chord length increases), forces arising
the wing, a region that contributes strongly to unsteadyrom the inertial components of fluid motion increase, causing
force production. The effects of this change on thrusa rise in inertial thrust production. However, as the reduced
production and efficiency can most easily be understooftequency parameter increases, the time available for bound
by examining the non-dimensional power and thrustirculation to develop decreases, and at some point bound
produced by an oscillating strip. As strip length increasesirculation will begin to fall below its full value, causing a
(increasing o), the non-dimensional power and thrustdecline in total thrust production. As the reduced frequency
increase initially and then fall into a decaying oscillationcontinues to rise, multiple waves form on the wing and further
(Fig. 7A). Efficiency shows a similar, but complementary,complicate force production.
While the performance of non-dimensional strips indicates
a trade-off between thrust and efficiency, this relationship

A a changes when the strips of a wing are given a finite area and
S S gzg'%Gmm;i summed. In even the simplest case of rectangular wings (with
45 x c=03msl all strips of equal chord length), the relationship between thrust
4 o Cfo-6m§’11 production and average chord length is not the same as the
3.5 A c=10ms relationship between non-dimensional thrust production and
z 3 strip length. While non-dimensional thrust initially rises with
B 25 increasing chord length and then oscillates as chord length
E 2 increases further (Fig. 7A), total thrust production by
15 rectangular wings falls continuously as average chord length
1 is increased (Fig. 7C).
05 This decrease in thrust production can be explained by the
0 fact that, as the average chord length of the wings increases
0 0.05 0.1 0.15 0.2 0.25 0.3 (aspect ratio decreases) with area held constant, more of the
Average chord length (m) wing area is distributed near the base of the wing (because span
10 2 1 o0s 02 01 is decreased). Parts of the wing that are closer to the base
Aspect rato undergo smaller accelerations and produce relatively less
unsteady, inertial force. Distributing more wing area close to
B the base (as in low-aspect-ratio wings) therefore results in
: @ . A lower total force production and outweighs the non-
0.95 - dimensional predictions of optimal chord length. In contrast,
0.9 && 5060 o 6 o whole-wing efficiency retains the oscillatory behavior seen in
0.85 individual strips because efficiency is the ratio of thrust to
2 08 power; the area terms in the power and thrust equations cancel,
$ 0.75 and efficiency is determined by the ratio of coefficients, as in
= o7 the non-dimensional case (Fig. 7D).
0.65 The reversal of the relationship between non-dimensional
0.6 thrust production and strip length when performance is
0.55 summed over the whole wing changes the non-dimensional
0.5 = & = & prediction of a trade-off between thrust and efficiency into the
0 0.05 0.1 0.15 0.2 0.25 0.3

familiar result that high-aspect-ratio wings generate more

thrust and are more efficient than low-aspect-ratio wings. This

0 2 1 05 0.2 01 relationship proves to be more complex, however, in several
Aspect rato cases. When the reduced frequency parameter is raised by

Fig. 6. Performance of theoretical rectangular wings with varyin increasing flapping frequency’. OSCIII'atlor]S in  efficiency
wave speeds. Wings were generated with a first-degree polynomi pcome more apparent, apd wings with high averag.e' chord
(20% of the wing area in the outer one-fift§,;=0.0069 A, lengths (Iow—.aspect—ratlo wings) can perform more efﬁmently
U=0.15ms?, H=0.058 m and=2.27sL. (A) Thrustversusaverage than those with lower average chord lengths. Distributing more
chord length. (B) Efficiencyersusaverage chord lengtt®, total ~ area to the outer portion of the wing (even when average chord
area of one pectoral firlJ, velocity; ¢, wave speedH, fin tip  length remains the same) produces the same effect. In addition,
amplitudeff, flapping frequency. flapping low-aspect-ratio wings at higher frequencies can

Average chord length (m)
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Fig. 7. (A) Non-dimensional power and thrustrsusstrip length. Non-dimensional power and thrust are calculated by multiplying the power
or thrust coefficient by strip length and unit widit={) and dividing by amplitude squared. (B) Efficienersusstrip length. (C) Total thrust
producedversusaverage chord length for rectangular wings. (D) Whole-wing efficieecgusaverage chord length for rectangular wings.
Each point in parts C and D represents the performance of a single wing with the given average chord length. For Ei@fpinss?,
c=0.3ms?, H=0.058 m and=2.27 s1. U, velocity;c, wave speedi, fin tip amplitudef, flapping frequencyCp, power coefficientCr, thrust
coefficient;ho, amplitude], strip length.

actually increase both thrust production and efficiency in somkad a relatively tapered tip (a small proportion of area in the
cases. outer one-fifth of the wing).

As wave speed decreases, efficiency again rises and fallsSecond, the analysis demonstrates the importance of
with increasing average chord length. The overriding effect ofonsidering wing flexion in models of flight. While there may
decreases in wave speed (e.g. more flexible fins) is to incredse cases where wing flexion is less important (e.g. at lower
efficiency and decrease thrust. But, at lower wave speeds, tReynolds numbers), we find that the thrust generated by a
local optima in efficiency become more significant, givingwide range of wings with differing aspect ratios and area
some low-aspect-ratio wings a selective advantage ovelistributions will be overestimated and the efficiency
higher-aspect-ratio wings. In addition, the locations of thesanderestimated if wings are assumed to be rigid. Furthermore,
optima (the average chord lengths that perform best) dependsteady effects combined with wing flexion clearly
on the wave speed, providing a landscape of evolutionargomplicate efficiency calculations for flapping wings.
pressures that could influence various morphological and Most importantly, the results point to one possible source of
kinematic features. the diversity of wing morphologies and kinematics that exist

in nature. The repeated rising and falling of efficiency with
Concluding remarks increasing chord length suggests that multiple local

Our analysis points to several important issues that shoufgerformance optima exist that may exert subtle selective
be considered in aerodynamic models of flapping flight. Firsipressures on the kinematics and morphology of flying and
it reinforces the growing understanding that unsteady effecvimming animals. While the predicted changes in efficiency
must be incorporated into models of swimming and flightmay seem small (Fig. 5D,F, Fig. 6B), an increase in efficiency
Traditional aerodynamic predictions concerning the relativef a few per cent could, in fact, be critical for animals in many
performance of different wing shapes were upheld in thiglifferent situations. For example, animals with low energy
analysis only when the flapping frequency was low or the wingeserves or those that regularly travel long distances could gain
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a large selective advantage if an increase in efficiency alloweahd

them to travel slightly further or decrease their weight by using I
less fuel than their competitors. In addition, the magnitude o V(x,t) = bo/2 +Z Bncoso) (A3)
these local optima will vary with different combinations of

. . : n=1
morphological and kinematic parameters.

The interactions between flight variables (such as wing/here
shape, reduced frequency parameter and wing flexion) sho -
that animals can change many different aspects of kinematic bn= z,név(x,t)coshe)de _ (A4)
or morphology to reach local peaks in performance. Of course Jo

these selective pressures will interact with many others, su

as physical constraints on wing morphology and the interactioir§11 represents the Fourier coefficients for wing position,

. o represents the Fourier coefficients for wing velocllyis a
between appendage size and maneuverability in complex . . . ; : .
: i X . Variable in the Fourier representation af{gt) is the vertical
habitats, to influence the suite of characters that any given, ) . S
. I velocity at all points on the surface of the wing, which is
animal will display.

The potential importance of wing flexion raises the questioglven by the material derivative of the instantaneous wing

of how animals control the bending of their wings and finspOSItlon' _
during flight. Many vertebrate flyers and swimmers control the VO = /0t + Uaiox)h(xy, (A5)
bending and flexing of their wings or fins at least partially bywhere U is the forward velocity. From these Fourier
muscular activity; the control of these subtle movements on thepresentations, Wu (Wu, 1971) provides equations for the
timescale of a single flap must involve a complex system dfme-averaged thrust, energy and power coefficients, here
feedback and neural control. defined as:

Animals with little or no muscular control of wing or fin
flexion, such as insects, present an equally ignteresting Cp= Pavd(%p".” °l) = . N "
challenge. How do these animals control the pattern and timing Re(=ia/U)(bo + ba)[(Bo* ~ ) ©(0) + '], (A6)
of the wing deformations that affect flight performance? Invhere the asterisk denotes the complex conjugate of the
animals with little muscular control of wing bending, the parameter.Payg is the mean power expenditur@®(o) is
evolution of wing shape and the passive flexibility of wingsTheodorsen’s function (defined belovide indicates the real
may be linked, and this evolution may be related to the flighpart of the enclosed function apds the density of the fluid.
style and kinematics of each animal. Cp is a dimensionless coefficient that represents the total rate

Although our analyses focus on planform shape as at which energy is expended to produce thrust and create
determinant of flight performance, the results illustrate that ngorticity in the wake behind the wing. This latter form of
single feature of flight kinematics or morphology can beenergy dissipation arises from the existence of a jump in the
studied in isolation. Planform shape, unsteady fluid effects artdngential velocity of flow at the trailing edge of the wing. The
wing flexion interact in a complex way during flapping flight. coefficient for the rate of energy loss by this mechanism is
In addition, we have not yet explored the effects of unsteadgiven by:
flight mechanisms involving separated flow on the evolution _ _
of wing design. However, this study suggests that there are Ce = Eavg (;pTU 1) = B(0) (bo + br) (bo* + br*)/ U, (A7)
other general patterns in the functional consequences of winghere Eavg is the mean energy expended in the wake and
shape that may clarify the relationship between wing(o) is a modified Theodorsen’s function. Two functions in
morphology, kinematics and flight performance. Equations A6 and A7 depend on the degree of unsteadiness

in the motion. This unsteadiness is given by the paranoeter
called the reduced frequency parameter, which is a measure

Appendix 1 (from Daniel, 1987) of the amount of vertical oscillation relative to forward steady
Each segment of the wing is treated as a harmonicallyotion:

oscillating flexible plate centered at the origin. Its motion is o=wl/U. (A8)
prescribed by Equation 1A. The solution of Wu (Wu, 1971) to

Euler's equation requires a Fourier representation of th&N€ o functions of this parameté(c) and ©(0), set the
position and velocity of all points on the wing: time lag in the growth of circulation around the wing. The latter

is called Theodorsen'’s function and is a complex combination

® of Bessel functions. The former represents portions of
h(xt) = Bo/2 +Z BrcosB), (Al)  Theodorsen’s function:
n=1

where o O(0) = F +iG = Ky(i0)/[Ko(io) + Ka(io)] (A9)

mg” B(o) =F - (F2+ G?), (A10)
Bn= 2/ni1h(x,t)cosfi0)do (A2)
Jo whereF is the real part of Theodorsen’s functids,is the
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imaginary part of Theodorsen’s function,s equal to the moments of area were found from the equations (Ellington,
square root of1, andKo andKy are modified Bessel functions. 1984b):
The function®(o) declines asymptotically from a value of 1 f2=0.929¢1)0.732,
at 0=0 to a value of 0.5 as tends to infinity (see Lighthill, f3= 0.9001)0-581
1975). Finally, a coefficient of thrust may be defined by the 3= . '
difference in the coefficients for total power expended andVings generated with a beta distribution were also created with
energy lost: equations from Ellington (1984b). The beta distribution is

(A25)
(A26)

Cr=Cp-Cg, (A11)  defined forx from O to 1 as:
with an efficiency parameter defined as the rate of useful work f(B) = xP~1(1 - X)aYB(p,q) , (A27)
done to total power expended: where the beta functioB(p,q) is:
n = Cr/Ce. (AL2) B(p,q) = P31 - x)oLdx (A28)

Following the appropriate manipulations of the above
equations, we arrive at expressions for the coefficients in terms
of various Bessel functions. Below are simplified versions of!
the resultant equations:

Ce = 4B(0)(@2+ @?)/U 2, (A13)
Cp = 4u(W12+ uyi2)/U 2, (A14)

where
¢ =Uedo(a) + (L-Ulc)wdi(a)(ho+ 2¢) ,  (AlD)

@ =-Uedi(a) + (1 - Ulc)w[(ho+ €)Jo(a) + 1] , (AL6)

{1= (ho+ €)Jo(a) — W, (A17)
{>=-J1(a)ho, (A18)
P1=C1F - &G+, (A19)
W2=C1G + (oF + (ho+ €)J1(a), (A20)
K = g[Jo(a) = J2(a)]/2, (A21)

o =wllc, (A22)

and wherely is a Bessel function of order The central point a
of these equations is that the performance of this twoag—ay
dimensional strip, as defined by the coefficients in EquationgR

All, A13 and Al4, depends in a complex manner upon Besslad, ba,...bn

functions of the parameter. This parameter is a measure of B(p,q)
the number of propulsive waves present on the wing at ar(o)
instant in time. C
¢
CD,body
Appendix 2 Cbfin
Wings generated with a polynomial distribution wereCg
created using equations from Ellington (1984b): Cp
Cr
(A23) Dbody
where€ is the non-dimensional chord length at any posifion Dfins
along the non-dimensional span. The coefficiemtsaz are  Eavg

C=ap+aif + axf2+ a3,

found by solving the set of simultaneous equations: f
fik=agl(k + 1) +as/(k + 2) +a/(k + 3) +ag/(k + 4), fF(B)
(A24) G

with k=0, 1, 2 and 3 and wher& is the radius of th&th  ho
moment of area. The first moment of area was taken to be 0hx,zt)
(as measured on the ratfish fins) and the second and thid

q=(1-r){{f(1 - F)IFP = F17)] - 1},

wherer1 is the radius of the first moment of area énds the
radius of the second moment of area (found using equation
A25, as above).

The last series of wings was created with an exponential
equation of the form (Daniel, 1987):

integrated from 0 to 1. Ellington (1984b) equated €, the
on-dimensional chord length, artb ', the non-dimensional
span. He then defined the paramefeasidq as:

p=rFif[F1(1 - F)/(F22 - F19)] - 1}, (A29)

(A30)

1(2) =0[1 - (Z20)7], (A31)

wherelg is the half chord length at the bagejs the span of
the wing andl(2) describes the half chord length at various
local positions along the span. The exporenas varied from
0.01 to 4 to change the shape of the wing.

List of symbols

exponent of wing shape in Equation A31
polynomial coefficients

aspect ratio

Fourier coefficients for wing velocity
beta function

modified Theodorsen’s function

wave speed

non-dimensional chord length
coefficient of drag for the body
coefficient of drag for one pectoral fin
coefficient of energy

coefficient of power

coefficient of thrust

total drag on the body

total drag on both pectoral fins

mean energy expended in the wake
flapping frequency

beta distribution

real part of Theodorsen’s function
imaginary part of Theodorsen’s function
leading edge amplitude

local wing position

fin tip amplitude
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