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Summary

We used a combination of high-speed 3-D kinematics
and three-axis accelerometer recordings obtained from
cockatiels flying in a low-turbulence wind tunnel to
characterize the instantaneous accelerations and, by
extension, the net aerodynamic forces produced
throughout the wingbeat cycle across a broad range of
flight speeds (1-13ns1). Our goals were to investigate
the variation in instantaneous aerodynamic force
production during the wingbeat cycle of birds flying

wing turnaround, aerodynamic forces were minimal, but
inertial forces created by wing motion were large.
However, we found that the inertial power requirements
of downstroke (minimum of 0.29+0.10/ at 7m s and
maximum of 0.56+0.13W at 1 m s1) were consistent with
the assumption that nearly all wing kinetic energy in
downstroke was applied to the production of aerodynamic
forces and therefore should not be added separately to
the overall power cost of flight. The inertial power

across a range of steady speeds, testing two predictions requirements of upstroke (minimum of 0.16+0.04V at

regarding aerodynamic force generation in upstroke and
the commonly held assumption that all of the kinetic
energy imparted to the wings of a bird in flapping flight is
recovered as useful aerodynamic work. We found that
cockatiels produce only a limited amount of lift during
upstroke (14% of downstroke lift) at slower flight speeds
(1-3m Y. Upstroke lift at intermediate flight speeds
(7-11m s was moderate, averaging 39% of downstroke
lift. Instantaneous aerodynamic forces were greatest near
mid-downstroke. At the end of each half-stroke, during

7m st and maximum of 0.35+0.1W at 1 m s cannot
be recovered in a similar manner, but their magnitude
was such that the power requirements for the upstroke
musculature (minimum of 54+13W kg1 at 7m s and
maximum of 122+35W at 1ms?d fall within the

established range for cockatiel flight muscle
(<185W kg™.
Key words: cockatiel, Nymphicus hollandicys flight, inertia,

accelerometer.

Introduction

Our main goals in this study were twofold: (1) to investigatel995; Askew et al., 2001; Usherwood et al., 2003) and, in a
the variation in instantaneous aerodynamic force productiolargely theoretical study of hovering hummingbirds, is

during the wingbeat cycle of birds flying across a range ofontradictory (Weis-Fogh, 1972). Nevertheless, in accordance
steady speeds and (2) to quantify the inertial costs of flappingith others (Pennycuick et al., 2000; Askew et al., 2001;
flight, along with an estimate of the amount of wing kineticTobalske et al., 2003), we hypothesize that the cockatiel’s wing
energy Ex) that is transferred to whole bodk or potential  Ex during downstroke is fully recovered to increase the bird’s
energy Ep). In doing so, we sought to test the currentEx or Ep and does not add to its energy requirements for flight.
assumption in the avian flight literature that all of the Whereas force production during locomotion in terrestrial
imparted to the wings is recovered as useful aerodynamic wodaimals is confined to stride phases during which the feet are
(e.g. Pennycuick and Lock, 1976; Pennycuick et al., 2000n contact with the ground, forces in aquatic or aerial
Askew et al., 2001; Tobalske et al., 2003). If this is the caségcomotion may be produced whenever the fluid and animal
the energy required to accelerate the wing does not represenbve in relation to one another. Additionally, the
an incremental cost to the overall energy requirement for flighhstantaneous magnitude and direction of the forces produced
of a bird because thex added to the wing eventually acts to in terrestrial locomotion may be readily quantified with a force
support or propel the bird. However, while this assumption iplate or similar device. No equivalent technology exists for
longstanding, experimental support is generally limited to slovfluid locomotion, although different experimental and
flight (Pennycuick and Lock, 1976; Van den Berg and Raynemodeling approaches provide some of the same information.
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Fig. 1. These images, taken from a high-speed recording of a cockatiel flying sit,1show the tip-reversal upstroke. In the first frame, the
wing has already reversed direction and the humerus has been elevated. In the second frame, the primary feathers highdyrdoeteekse
gaps between successive feathers. Between the second and third frames, the rotated primaries sweep upward as theemdst Binthex
third frame, the primaries have been rotated back into their standard orientation and the wing has begun to move forves digwavel

Fluid visualization via digital particle image velocimetry the upstroke, the proximal portion of the wing was elevated,
(DPIV) allows measurement of some of these forces, but thend the distal portion of the wing then swept around and
results are typically interpreted over full- or half-cycle intervalsupward with the feathers rotated on their axes (BigThis
due to the difficulty of visualizing flows close to the animaltype of upstroke has been hypothesized to allow the individual
(Stamhuis and Videler, 1995; Drucker and Lauder, 199%eathers to act as airfoils, producing lift as they sweep back
Spedding et al., 2003). Physical modeling allows detailegBrown, 1963; Aldridge, 1986; Norberg, 1990; Azuma, 1992).
investigation of the time-course and magnitude of thédowever, because our previous kinematic analysis of flight in
locomotor forces but has thus far been most effectively appliecbckatiels (Hedrick et al., 2002) did not reveal any obvious
to the relatively simple flight surfaces, kinematics and lowupward movement of the body during upstroke, we
Reynolds number regime of insect flight (Ellington et al., 1996hypothesized that a tip-reversal upstroke would not produce
Dickinson et al., 1999). Computational fluid dynamics (CFD)substantial lift or thrust in this species.
models offer the possibility of quantifying fluid flow and force In addition to the tip-reversal upstroke, various investigators
production over the entire surface of the animal but have th$pedding, 1987; Rayner, 1993; Hedrick et al., 2002; Spedding
far been limited to cases where existing physical models cat al., 2003) have suggested that the wing may be
be used to validate the CFD results (Liu et al., 1998aerodynamically active during upstroke at medium to fast flight
Ramamurti and Sandberg, 2002; Sun and Tang, 2002). speeds (5-1fns1in cockatiels). By positioning the wing at

In the present study, we employed a third approach. We usedpositive angle of attack during upstroke and allowing their
accelerometers attached to the dorsal body center of cockatielan forward velocity to drive flow past the airfoil, birds may
(Nymphicus hollandicuKerr), together with high-speed 3-D be able to generate lift with consequent additional drag during
kinematics, to measure the net instantaneous forces produabe@ upstroke. Because our previous work on cockatiels
during complete wingbeat cycles. We obtained thes¢Hedrick et al., 2002) provided some support for this, we
measurements as the birds flew in a low-turbulence wintlypothesized that cockatiels would employ a lift-producing
tunnel (Hedrick et al., 2002) across a range of steady flightpstroke at faster flight speeds (5#i%1). Recent flow
speeds. Our approach followed that of Bilo et al. (1984), wheisualization (DPIV) analysis of the wake of a thrush
examined several wingbeats of a pige@olgmba livig in nightingale Luscinia luscinialL.; Spedding et al., 2003) has
steady fast flight. The accelerometers measured the net effedso shown that the amount of energy added to the wake during
of internal (inertial) and external (aerodynamic) forces actingipstroke gradually increased with flight speed in that species.
on the bird’s body. Inertial forces are generated by oscillatioihis suggests that upstroke lift may also gradually increase
of the bird’s wings about its body, whereas aerodynamic forcesith speed. However, our previous kinematic analysis
result from the interactions between the bird and théHedrick et al., 2002) indicates that upstroke lift in cockatiels
surrounding fluid. To obtain estimates of net aerodynamimay decline again at the fastest speedn(k3') achieved
forces, we therefore used 3-D kinematics of wing motion taluring experiments in the Harvard-CFS wind tunnel.
quantify and remove the inertial forces experienced by the

bird’s body. ,
Measuring the resultant aerodynamic forces produced within M.atenals anq methqd;
a wingbeat cycle allowed us to test two predictions of wing Animals and flight training

stroke function during upstroke. First, at slow flight speeds of Four cockatiels Nymphicus hollandicu&err; body mass
approximately 0-3n s, the cockatiels employ a ‘tip-reversal’ 87.3+7.4g; mean 1s.0.; Tablel) were purchased from a local
type of upstroke in which the wing flexed at the wrist early iflicensed animal vendor and housed in amx2.7mx3.3m
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Table 1.Morphometric data for the cockatielslymphicus transformation (DLT) technique with a 70 point calibration
hollandicu3 and experimental conditions frame (measuring 0.45%%0.967mx0.90Cm inxyzcoordinate

space) that was recorded at the end of each set of trials (Hatze,

1988). Trials were recorded at flight speeds of Imx3lin

Body mass (9) 87.28+7.36 2mslintervals. Flight speed sequence was not restricted to a

Variable Mean 1s.D.

Estimated pectoralis mass (g) 9.1020.77 particular order, and the birds were allowed to rest between

Estimated supracoracoideus mass (g) 1.41+0.12 . N .

Estimated deltoideus major mass (q) 0.43+0.04 tnal; as necessary to maintain satisfactory performance

Wingspan (cm) 45.542.0 (typically 2-Emin of sustained flight).

Wing chord (cm) 5.7+0.5 Three points (dorsal and ventral surfaces of the shoulder,
wrist and tip of the ninth primary) were marked on the right

Air temperature (°C) 22.44+3.07 wing of each bird using Bm-diameter dabs of white

Air pressure (kPa) 102.6+0.8 correction fluid. The dried correction fluid was marked with a

Air density (kgm=3) 1.21+0.03 small black central dot. In addition, three points defining two

orthogonal axes were attached to the accelerometers using two
. N=4 in all cases. Muscle mass estimates were cglculated Troghort lengths (2.5m) of wire, with a known orientation to the
linear regressions of muscle mas®ody mass for cockatiels used in 5 -calarometer sensitive axes (F1§). These axes were used
prior experiments at the Concord Field Station. Muscle masses &g e nt the accelerometers in the global reference frame later
for individual muscles. . .

in analysis (see below).

Flight sequences consisting of a minimum of four successive

wingbeats with minimal lateral and vertical movement within
indoor aviary at the Concord Field Station animal care facilityhe flight chamber (velocity relative to the flight chamber of
(Bedford, MA, USA), where they were provided with food and<0.5m s1) were selected from the video data and the points
waterad libitum The birds were trained to fly over a range ofnoted above digitized using custom software written in
speeds from ins1to 15msin the Concord Field Station MATLAB v. 6.5 (The Mathworks Inc., Natick, MA, USA). In
wind tunnel (Hedrick et al., 2002). Training lasted one monththe few cases (3 of 28) where sufficient sequential wingbeats
comprising a minimum of five 20-min bouts of flight training with minimal change in wind tunnel position were not
per week. All individuals tended to fly in the upper forwardavailable, we selected additional wingbeats from the recorded
quadrant of the working section of the wind tunnel. Cockatielflight sequence, digitizing at least four wingbeats for each
learned to fly at a steady speed in the wind tunnel id2yd  individual at each speed.
and were then exercised for at least three additional weeks toThe raw coordinate data obtained from the digitized trials
expand the speed range over which they would fly steadilywere resolved into a single 3-D space using the DLT
prior to data recording. The trained cockatiels were willing tacoefficients derived from the calibration frame (Hatze, 1988).
fly for at least 10min without rest at @nsL. At very fast In addition to resolving the dorsal and lateral 2-D camera views
(=13ms1) and slow £3 m s1) speeds, the duration of flights into a single 3-D space, the modified DLT method also corrects
that the birds were willing to sustain was typicallymin. The  for parallax and other linear and lens distortions. Individual
maximum steady speed of each bird was defined as the highesints having a DLT root mean square error (RMSE) two
speed at which it would voluntarily maintain its position in thestandard deviations greater than the median RMSE for that
wind tunnel for 3Gs. All training and experimental procedures point (approximately 4% of the points) were considered
were approved by the Harvard University Institutional Animaloutliers and removed prior to analysis. Median RMSE ranged

Care and Use Committee. from 1.12mm for the orthogonal axis markers to 1 for
_ . . the ninth primary tip. Occasionally, a point was not in the view
Flight kinematics of at least two of the three cameras (approximately 7% of all

Flight trials were recorded using three synchronized, highpoints digitized), resulting in a gap in the reconstructed point
speed digital video cameras [one Photron Fastcam-X 1280 P&¢quence. After the digitized coordinate data were filtered,
(Photron USA Inc., San Diego, CA, USA) and two Redlakemissing or dropped points were interpolated with a quintic
PCI 500 (Redlake Inc., San Diego, CA, USA] operating aspline fit to known RMSE using the ‘Generalized Cross
250framess™1 with a shutter speed of 1/1000th of a secondValidatory/Spline’ (GCVSPL) program (Woltring, 1986). This
The Photron camera was placed above and behind the wintethod uses the RMSE from the DLT reconstruction to filter
tunnel flight chamber; the two Redlake cameras wer¢he positional data and then fills any gaps with a quintic spline
positioned on the side of the tunnel opposite the operator wiihterpolation. The results from this technique were similar to
one lateral to the bird and the other postero-lateral #AYy. those obtained by smoothing the positional data usingHz37
The camera data were synchronized with the accelerometéigital Butterworth low-pass filter. However, the quintic spline
signals by recording the cameras’ digital stop trigger togethenethod also allows direct calculation of velocity and
with the accelerometer outputgia an A/D converter acceleration derivatives from the spline curves, providing the
(Axoscope Digidata 1200; Axon Instruments Inc., CA, USA).most accurate method for obtaining higher order derivatives
The cameras were calibrated using the modified direct linedrom positional data (Walker, 1998).
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qupIifiersHA/ D corverteri—' Computer|
B z
X, YandZ ) . L .
accéerometes Fig.2. (A) This schematic gives an operator-side

Orthogond

\ 7<contrd points

lateral view of the experimental setup with the
cockatiel in position in the Concord Field Station
wind tunnel flight chamber and the data cable
leading from the bird to the recording equipment.
The dorsally positioned Photron camera is shown;
the two laterally positioned Redlake cameras were
placed on the far side of the tunnel, one lateral to
Data chle the bird and one posterior-lateral, and are not
1cem shown in the figure. (B) A cockatiel with the
- accelerometers attached to the animal with the
accelerometer axes superimposed and the position
of the whole bird center of mas€1) and body
center of massJg) indicated.

X

Accelerometers the recording amplifiers (Micromeasurements 2120 bridge
We measured instantaneous accelerations of the cockatielmplifiers; Vishay Intertechnology Inc., Malvern, PA, USA).

via a block of three accelerometers (1 EGA2-10 dual axiThe amplifier outputs were sampled by the A/D converter at
accelerometer and 1 EGA-10 single axis accelerometer; EntrékHz and stored on a computer for subsequent analysis.
Devices Inc., Fairfield, NJ, USA) mounted at orthogonal axes The mass of the accelerometers and the portion of the data
and attached to the dorsal midline of the cockatiels just abovaable supported by the bird was 1d,4approximately 13% of
the estimated center of mass. The center of mass position whg total body mass of the bird. Measurements of the drag
estimated by first locating it in a frozen, wingless cockatieproduced by the cable and attached accelerometer ranged from
cadaver by hanging the specimen at various angles, thé&05N at iIms?to 0.23N at 12m sl These measurements
relating this to the position on the experimental animalvere made without an associated cockatiel; drag from the
estimatedvia visual and tactile landmarks. The accelerometersiccelerometer and cable may therefore differ somewhat when
were anchored to the dorsal midline by suturing theassociated with a bird’s body. However, the effect of this drag,
accelerometer base plate to the intervertebral ligaments witkhen related to the inertial and aerodynamic forces produced
two loops of 3-0 silk suture while the bird was under lightover the entire downstroke and upstroke phases, can be
anesthesia (isoflurane; FBB). Accelerometer signals were expected to be small and of negligible significance to how the
collected through a lightweight (5¢§ multi-lead cable that ran patterns of inertial and aerodynamic force relate to each other.
a distance of In from the accelerometers on the animal to arhe cockatiels typically ignored the accelerometers and data
small (0.75cm diameter) opening at the top of the windcable while flying in the wind tunnel. The presence of the
tunnel’s working section. This lightweight cable connected taccelerometers did result in a reduction in the maximum flight
a heavier, shielded cable outside the flight chamber that ran $peed we were able to record in the wind tunnel (fromm 5!
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to 13m s1), probably due to the additional drag from the cable A
and accelerometers. Flight duration and the position within th

tunnel that each bird selected, however, were unaffected. ‘& © m= Section moment
After each recording session, we recorded acceleromet 2 4 = Section virtual moment
calibration voltages by positioning each accelerometer: ‘¢
sensitive axis at 0°, 45°, 90° and 180° with respect to gravity g
An accelerometer calibration equation was calculated fror — 0
least squares regression of the recorded voltages and 1 B
expected accelerations @f0.707g, 0 and 4. In all cases, the 15,

mm Section mass

r for the calibration regression wa®.99. After calibration, 5 Section virtual
3 Section virtual mass

we used the position information obtained by digitizing theg 1.0
three markers attached to the accelerometer block to rotate 1 g 0.5}
accelerometer outputs from their native ‘bird-fixed’ orientation 0
on the dorsal surface of the animal to the standard glob
coordinate space defined by the camera calibration fram Wrist
Rotations were performediia a series of Euler angle Elbow

C
transformations:
g
Ctos@) -sin@) 00O
Xz Y8 Zg]=[A1 A2 Aj] %Sin(a) cosf) OE '..
o o 0 1g

Ocos@) O sin(@) O 0 o U 23.4cm
E 0 1 0 g% cosf) —sing) E, 1)
sin) 0 cos@B)[ sinfy) cosf) O

Fig.3. (A) This histogram shows the contribution of each wing
section to the overall mass moment of inertjaof the wing. The

G : ._moment of inertia calculation employs the sum of the actual and
where g Yg Zg] are the total center of body accelerations Invirtual masses shown in B. Each wing section wascrh3wide.

the global coordlnatg space anty [A2 As] are the three (B) This histogram shows the mass and estimated virtual mass of the
orthogonal accelerations recorded by the accelerometelngiiqual wing sections. Total mass of the standard wing was
Anglea is the angle about the(vertical) axis betweeArand g .32g; thesp. between the masses of the three original wings was
the X (forward) axis in the global coordinate spaBds the 0.66g. (C) A silhouette of the standard cockatiel wing divided into
angle about the (lateral) axis betweeAs and the globaZ 18 sections. The sections incorporating the elbow and wrist joints are
axis (following the initial transformation with) andy is the labeled.

angle about th& (forward) axis betweeA, and the globay

axis (following the transformations with and3).

Although the inertial forces produced by wing mOtiO”standardized wing shown here was &I25kgnr2 the

cannot accelerate the bird's center of mase),(they can  gianqard deviation between the three individual wings was
produce accelerations at the center of the b@dy ig.2B), 3 12¢10-6 kg mr2 Virtual mass for each section was computed
above which the accelerometers were attached and that will G‘%ing the following equation from Norberg (1990):

included in the accelerometer recordings. Following Bilo et al.
(1984), we accounted for these accelerationsCef due My = J4ATIPWICi 2

to inertial forces (subsequently referred to as inertia{,\,herem’\, is the virtual (or added) mass of sectiop is air
accelerations) by reconstructing them from the 3-D Wingjensity,wi is the width of sectioi, andg; is its chord.
kinematics (see below) and subtracting them from the our model treats each wing section as a point mass. This is
accelerometer recordings. a reasonable assumption given the concentration of mass in
Reconstruction of the inertial accelerations requires a magsch strip at the leading edge in the bone and muscle rather
distribution for the wing as well as the wing'’s kinematics. Wethan in the feathers extending posterior and the large number
created a standard cockatiel wing mass distribution byfwing slices we employed (Van den Berg and Rayner, 1995).
sectioning and weighing wings from three cockatiels. Theayve merged the mass information from the standard wing with
resulting standard cockatiel wing was composed of 18 sliceghe 3-D kinematics by computing the position of each wing
each of which was 1.8n wide, and included both the actual strip in each video frame, then distributing the appropriate
section mass and an estimated virtual mass predicted from thember of strips between the shoulder, wrist and wingtip. We
volume of air accelerated with the wing (F8). The virtual then derived the acceleration of each wing section in the global
mass contributed 12.6% to the total wing mass @8J.and frame of reference by taking the 2nd derivative of a quintic
25.8% to the moment of inertia (FigA) for a fully extended spline fit between the successive positions of each wing strip.
wing. The total moment of inertia for the outstretchedThe resultingX-, Y- andZ-axis section accelerations were used
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to reconstruct the inertial accelerations with equaiB¥s  the start of each half-stroke to its point of maximimand
(below). Lastly, we subtracted the predicted inertialdividing these energies by the duration of the entire wingbeat
accelerations from the accelerometer recordings leaving onltyycle. WingEx was computed from the mass distribution and
the accelerations due to aerodynamic forces. We assumed tkitetic analysis described above. We consider only the work
the two wings operate symmetrically and that thaxis  of wing acceleration in both upstroke and downstroke because
inertial accelerations cancel each other. deceleration is unlikely to require substantial metabolic input
The predicted inertial accelerations ©f were calculated in any circumstance due to the high metabolic efficiency of
from equationd0-15a of Bilo et al. (1984), restated here forvertebrate muscle when actively generating force to absorb

convenience as equatiogs7: energy (Abbott et al., 1952). By contrast, we calculate power
- from the entire wingbeat duration because the muscle
Jpi1= —2) M 3) contractions involved in powering the movements of the wing
' ' occur over an entire wingbeat cycle.
where Zg, is the vertical Z-axis) acceleration ofg due to Wing kinetic energy recovery
inertial forcesm is the mass of thigh wing sectionyi is the Current models of forward flight in birds assume that the

vertical acceleration of thigh section in a frame of reference jnertial power requirements for downstroke do not incur any
fixed to the birdmr is the bird’s total body mass (including metaholic cost because the wigis recovered as aerodynamic

the mass of the accelerometers and supported cable) and \gork done to support or propel the bird (Pennycuick, 1996;
accounts for the two wings. This equation may be reached Qyskew et al., 2001; Tobalske et al., 2003). This is presumed to
first considering the acceleration @r in terms of the occur in the latter half of downstroke as the wing loses kinetic

acceleration o€g and the wing segments: energy while doing aerodynamic work to produce forces (lift
meZs + 25 M and thrust) that support and propel the bird. Following Askew
Ir=— = (4) et al. (2001), we assume that if the aerodynamic work required
mr to produce the observed whole-body accelerations exceeds the

where 77 is the vertical acceleration ofr, Zs is the Wing Exthen all energy is transferred. Only in cases where the
acceleration of Cg (the quantity measured by the wing Ex exceeds aerodynamic work does the inertial power
accelerometers) ang is the vertical acceleration of thth incur a metabolic cost. This analysis ignores any additional
wing section. The accelerati@ can be translated into a local Muscle work done during the wing deceleration phase but
frame of reference witHs, the vertical position o€g, at zero provides a simple benchmark to evaluate the importance of

via: inertial power requirements in downstroke.
s oS To carry out this analysis, it was necessary to estimate the
Z1=71-78= MeZp +23 M ’ ) aerodynamic work required to produce the observed

aerodynamic forces. We employed the aerodynamic model
described in equatior’s-7 of Hedrick et al. (2003) to estimate
the instantaneous aerodynamic power output based on the

at zero in the local frame of reference). We also define tWBird’s wing kinematics and whole-body accelerations. For the

additional relationships between the acceleration€toand purposes qf comparison with Wm.ak’ we com_puted thg
Ca: aerodynamic work performed during the period of wing

. deceleration in downstroke. This can be summarized as:
ZT=ZBE (6)

and L . Ek,rd=AEk,w—Eaero, (8)
ZB=ZBEt+ZB,, (7)

whereZt is the vertical position o€t in the local frame of
reference ands is the vertical position o€g (which is fixed

where Exrd is the kinetic energy during downstroke that
whereZg g is the vertical acceleration &g due to external exceeds the aerodynamic work performe v is the change
forces and’g | is the vertical acceleration @ due to inertial  in wing Ex from its maximum to its value at the end of
forces. Equatiorn6 and 7 may be substituted into equafion downstroke, anaerois the aerodynamic work performed over

to give equatio®3. This analysis assumes that the inertialthe same time interval. The transfer of wigo aerodynamic
forces act througtCg and therefore produce no torque. A work during upstroke wing deceleration has not been proposed
similar progression can be followed to calculdie;, the and is not considered here. Instead, we assume that upstroke
horizontal inertial acceleration ofCg. Note that the is powered entirely by the supracoracoideus and deltoideus
aerodynamic forces calculated frafa g and other external major muscles.

accelerations encompass all aerodynamic forces acting on the

bird, including drag from the data cable and accelerometer.
Results

Inertial power Within-wingbeat variation in aerodynamic and inertial forces

We calculated the inertial power requirements forThe magnitude of vertical and horizontal whole-body
downstroke and upstroke by taking the change in Eirfgom acceleration resulting from aerodynamic forces varied
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Mid-downstroke Mid-upstroke Fig.4. Here, we superimpose some of the typical
- instantaneous  acceleration vectors from mid-
downstroke and mid-upstroke on the lateral-view
high-speed video footage. The same cockatiel is used
in all frames and the vector scale is the same in each
case. Note that the inertial acceleration vectors are
small in size here because the wing is typically at
maximum velocity when near mid-stroke; inertial
accelerations were much more pronounced at other
points in time such as the ends of upstroke and
downstroke. In upstroke at faster flight speeds, lift and
drag forces tended to vary together and were either
both small, as shown in then7s upstroke, or both
larger, as shown in the 18s? upstroke. The scale
bar indicates an acceleration of h&2, equivalent to
a force of 0.8IN applied to the cockatiel's whole
body mass. Note that the aerodynamic acceleration
vectors include drag from the data cable and
accelerometers.

1mst

Despite continuous variation in acceleration
throughout a wingbeat, certain features of the
acceleration profile of the wingbeat cycle
remained consistent across flight speeds. We
found that maximum horizontal acceleration
occurred at a cycle phase of 0.65 (zero being
defined as the start of upstroke, and 1.0 the end
of downstroke) and maximum vertical
acceleration occurred at a phase of 0.74. Both of

= Recorded acceleration = Aerodynamic acceleration these occurred near the kinematic mid-

= Inertial acceleration 10 m s2(0.81 N) scale bar downstroke (phase of 0.73), with the wings fully

outstretched and horizontal to the bird. These
phases did not vary significantly with flight speed

continuously throughout the wingbeat cycle and across speed5=0.38 andF=1.78 for vertical and horizontal acceleration
Forces during downstroke were similar among birds, speegshase, respectively?>0.05, repeated-measures ANOVA) but
and wingbeats, with maximum aerodynamic forces typicallywere significantly different from one anoth®<(.05,t-test of
falling near mid-downstroke while forces during upstroke werendividual means).
of lower magnitude but varied more widely. Figshows a We also observed that the initial two-thirds of downstroke
snapshot of the vertical and horizontal net force vectors at thgenerally produced positive (forward) thrust, while the latter
mid-downstroke and mid-upstroke postures at three differerhird resulted in negative (rearward) thrust. The negative thrust
flight speeds. Note the decrease in the overall magnitude wfas associated with a large angle of incidence adopted by the
downstroke aerodynamic force at the intermediate speeding late in downstroke as the wing supinated prior to
(7ms1). These snapshots are expanded in Figlower upstroke. Positive (upward) lift was produced over the entire
panels) to show the mean acceleration patterns produced by ddiwnstroke at all speeds. By contrast, lift and thrust production
four cockatiels across the range of flight speeds tested. Whitkiring upstroke generally varied more, especially at slow and
inertial forces were small in comparison to aerodynamic forcefast flight speeds. During the upstroke, lift and drag tended to
at the mid-downstroke and mid-upstroke phases shown wary together. For example, anvs (Fig. 5B), the cockatiels
Fig. 4, they were greatest during wing turnaround at the end oéduced both lift and drag whereas aini81 (Fig.5C) lift
upstroke and downstroke, as can been seen irbFigeak production was coupled with increased drag. Finally, net
inertial forces were larger at slow and fast flight speeds whesccelerations due to aerodynamic forces were near zero at the
compared with intermediate speeds and became closer émd of downstroke at all speeds, despite the rapid wing
magnitude to the aerodynamic forces as speed increasedtations that occurred at this time during slower flight speeds
Nevertheless, peak inertial forces were always less than peék-3m sL; Fig.5).
aerodynamic forces, being less than 50% of peak aerodynamic
forces at Im s~ and 2m s-1 and between 50% and 60% at all Mean aerodynamic forces in upstroke and downstroke
other flight speeds. As expected, the mean magnitude of whole-body




1696 T. L. Hedrick, J. R. Usherwood and A. A. Biewener

A 1mst? B 7mst? C 13mst?

Recoded vertical aml horizontal accelerations
Upstrcke Downstrdke

6]
o

o

*" [==Verticle
= Horizontal
----+1sbp.

Acceleration (m )

|
a1
o

|
N
o

Center @ body accelerationslue towing inertia

a1
o
B
o

Acceleration (m=)

Acceleration (M=)

-50

—4.0
0 0.02 0.04 0.06 0.08 0.10 0.120 0.02 0.04 0.06 0.08 0.10 0.120 0.02 0.04 0.06 0.08 0.10 0.12
Time (s) Time (s) Time (s)

Fig. 5. A set of inter-individual mean curves showing the patterns of acceleration and wing movement across a single windieataroat t
upstroke to the end of downstroke across a range of speeds. Light gray regions denote downstroke. Solid lines indicatalithduiate
mean response, while broken lines show the meas.ct A, B and C correspond to results from flight speedsmofsi!, 7ms2and 13m s,
respectively. None of the birds in this study was able to sustain faster flight speeds with the recording equipment at@dhat thiéo
aerodynamic acceleration vectors include drag from the data cable and accelerometers. Removing drag would not changerid@entaéan h
acceleration over a wingbeat cycle but would probably reduce the instantaneous magnitude of the acceleration. The maxiresasoreicg
on the accelerometer and cable (atmi8?1) would generate an acceleration of approximatelyn2s?, much less than the observed
acceleration magnitudes.

acceleration resulting from aerodynamic forces in both th&ig. 7A). However, because of speed-related variation in the
vertical and horizontal directions varied significantly betweerduration of upstroke relative to downstroke, wing inertial
upstroke and downstrokeP<€0.001 for both vertical and power varied significantly with speed for both upstroke
horizontal, paired-test). The mean vertical acceleration duringand downstroke R<0.05, F=3.81 and P<0.01, F=6.49,
upstroke and downstroke also varied significantly with speetkspectively; repeated-measures ANOVA; HiB). Not
(P<0.05, F=3.81 andF=4.52 for downstroke and upstroke, surprisingly, wing inertial work and power during the
respectively; repeated-measures ANOVA). Differences imdownstroke exceeded that during the upstroke. This results
mean vertical acceleration between upstroke and downstrokem the wings’ outstretched configuration and increased
were minimized at intermediate flight speeds and maximizethoment of inertia during the downstroke compared with their
at both faster and slower speeds (Blg.The same trends also flexed configuration during upstroke. However, we did find
characterize the mean horizontal accelerations. Furthermoriiat in slow-speed flight (1-18 s1) the exceptionally brief
the specialized tip-reversal upstroke employed by cockatiels duration of wing acceleration in upstroke elevated the mean
slow flight speeds (ins? and 2ms1) was not associated power output to a level nearly equal to that in downstroke.
with large net accelerations in any direction. These inertial work requirements translate into substantial
mass-specific inertial power requirements when measured over
Wing kinetic energy and the inertial power requirements of 3 complete wingbeat cycle. Downstroke pectoralis mass-
flight specific inertial power requirements averaged 2Kyt
The inertial work required to accelerate the wing variedacross the entire speed range (Big.This represents 21.9%
significantly with flight speed downstrok®<0.01, F=4.18; of the cockatiels’ pectoralis power output, based on the results
repeated-measures ANOVA) but not upstroke>Q.05; of Tobalske et al. (2003). Nevertheless, the maximum ®&ing
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developed during downstrokie excessof the aerodynamic (1-5ms), upstroke mass-specific inertial power was similar

work performed during wing deceleratidb(d) was negative to the pectoralis mass-specific power output required for

at speeds less thamvs and only slightly positive at faster aerodynamic force production (Fig). At faster speeds,

speeds, averaging 7.28kg! or 7.0% of pectoralis power upstroke inertial power declined somewhat relative to

output for speeds of >m s pectoralis power output.

Muscle mass-specific inertial power requirements for

upstroke were greater than those for downstroke due to the

large mass difference between the upstroke and downstroke Discussion

musculature (Tab!&). Assuming that the wings’ acceleration While analysis of the instantaneous locomotor forces

and Ex during upstroke are achievedh contraction of the produced by flying animals will likely remain difficult, our

supracoracoideus and deltoideus major muscles, upstrolpplication of high-speed digital video and 3-D kinematic

mass-specific inertial power reached a maximum ofeconstruction to the accelerometry techniques developed by

122W kg at a flight speed of h s™1 (Fig. 8) and averaged Bilo et al. (1984) provide an additional method through which

89W kg over all flight speeds. At slower flight speedsthese forces can be measured. Although this study covered a

much wider range of speeds and wingbeats than the

A earlier study and employed cockatiels rather than

_ 0.08¢ = Downstroke @ Upstroke pigeons, both studies examined instantaneous force

2 0.06k production throughout a wingbeat cycle, and some

‘g general comparisons between the two are possible.

2 0.04f Bilo et al. (1984) measured forces on a §9ageon

-g flying at 11m s, with accelerations reported as forces

2 0.02 applied to the center of mass. The larger mass and
0 1 1 1 1 1 1 )

B Fig.7. Mean inertial work (A) and inertial power (B)
= associated with wing acceleration during upstroke and
5, downstroke plottedversus flight speed. Note that while
o 1.0} inertial work in upstroke is less than in downstroke at all
§_ speeds, this is not the case for inertial power. The reduced
B o5 duration of upstroke at slower flight speeds increases the
f=Ea | upstroke inertial power to the point where it is nearly equal
E to the downstroke power. As we found previously in

0 L L L L . . ) cockatiels (Hedrick et al., 2003), changes in wingbeat
0 2 4 6 8 10 12 14

duration were entirely due to changes in upstroke duration,
Flight speed (m3) as downstroke duration did not vary.
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Fig.8. A comparison of the measured cockatiel pectoralis oql e Downstroke excess inertial powey
mass-specific muscle power output (black) reported K
Tobalske et al. (2003) with three measures of the mass-spe@ic
inertial power requirements of flapping flight. The upstroke”
mass-specific inertial power (red) is the peak wing kinetig
energy developed in upstroke divided by the mass of t@
upstroke musculature and the wingbeat duration. This is tige
best measure of the muscle power required for upstroke. Tie 100
downstroke mass-specific inertial power (green) is the pe@{
wing kinetic energy developed in downstroke divided by thé
pectoralis mass and wingbeat duration. The downstroke exc%s 50
inertial power is the peak wing kinetic energy in downstroke
with the aerodynamic work done during wing deceleration
subtracted, i.eExrd. This sum was converted to a mass-

150

specific power by dividing by the pectoralis mass and 0 . . L . . ,
wingbeat duration. The muscle masses used to calculate mass- 0 2 4 6 8 10 12 14
specific powers are given in Tale Flight speed (m'3)

greater wing loading of the pigeon probably resulted in fasteBilo et al. (1984) recorded at 8. This difference probably
maximum and typical flight speeds than the cockatielgexplains at least part of the remaining discrepancy in inertial
employed in the present study; the pigeon’s larger sizaccelerations. Any remaining differences are likely to be the
certainly resulted in greater aerodynamic forces. Howevergsult of differences in wing morphology and moment of
presuming that Bilo et al. (1984) used the flight speed at whicinertia between the two species. Cockatiels have relatively long
the pigeon was most comfortable in the wind tunnel, the resultsings with a high moment of inertia for their body mass
should be compared with cockatiels flying an &1, the speed (4.02x10-° kg m=2in the present study). This is well above that
at which the cockatiels flew most readily. Additionally, we of other bird species of a similar body mass (Van den Berg
converted the forces from Bilo et al. (1984) back toand Rayner, 1995), although less than the value of
accelerations for comparison with the cockatiels since th&.65<10-4kg m2 for the much larger pigeon studied by Bilo
mean acceleration over a wingbeat cycle will be the same fat al. (1984).
all birds in steady, level flight. While we expect the pigeon to produce larger absolute
Given these assumptions, we can compare the followingerodynamic forces due to its greater mass, whole-body
results from the two studies: (1) the magnitude of inertiahccelerations of the cockatiels and pigeon should be
accelerations, (2) the magnitude of the aerodynamicomparable in magnitude. However, the peak horizontal and
accelerations and (3) the timing of peak accelerations duringgrtical accelerations of the pigeon reached nearlyn 4
the wingbeat cycle. The pigeon was reported to produceompared with 22.6ns2 peak vertical and 7./ s2 peak
inertial accelerations that were approximately 25-33% of thlorizontal accelerations in the cockatiels. Because vertical and
magnitude of the aerodynamic accelerations. In cockatielfiorizontal accelerations over the entire wingbeat cycle must
the inertial accelerations were nearly equivalent to theiaverage near 9.8hs2 and Oms?, respectively, for both
aerodynamic equivalents in the vertical direction and werspecies, the lower peak values for the cockatiels indicate a
approximately 50% in the horizontal direction at a flight speedmoother wingbeat cycle with less variation in acceleration at
of 7msL This discrepancy is probably explained by threethis flight speed. We believe this may reflect the cockatiels’
factors: (1) the inclusion of added mass in the determinationse of an aerodynamically active upstroke, which we discuss
of cockatiel wing moment of inertia, (2) differences in cameraelow. At faster and slower speeds, peak accelerations in the
recording frequency and (3) the scaling of wing size with bodgockatiels approached #@s2 comparable with those in the
size. The added mass component elevates the cockatmfeon.
moment of inertia and peak inertial acceleration by 26%. The timing of peak accelerations was similar between the
Removing this component would decrease the cockatigo studies. Bilo et al. (1984) reported that peak aerodynamic
horizontal acceleration into the same range as that of treccelerations occurred near mid-downstroke as the wings
pigeon, for which added mass was not included (Bilo et alpassed through the horizontal plane, with peak vertical
1984), but would not fully account for the differences inaccelerations slightly preceding peak horizontal accelerations.
vertical inertial acceleration. Higher imaging frequencies willin the cockatiels, we also found peak accelerations near mid-
more accurately estimate the peak accelerations and therefat®wnstroke, although peak horizontal accelerations slightly
result in greater inertial forces. We recorded atl280vhereas preceded peak vertical accelerations.
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Lift production during upstroke potential energies, consistent with their role in providing

By obtaining 3-D kinematic and whole-body accelerationupstroke aerodynamic force. However, when examined more
data, we confirmed our hypothesis that the tip-reversallosely, we found that the cockatiels favored a slightly greater
upstroke employed by cockatiels in slow flight (In31) is  kinetic energy loss at flight speeds belom 81 and greater
not an important source of lift or thrust, contrary to somepotential energy loss at flight speeds above $.
previous hypotheses (Brown, 1963; Aldridge, 1986; Norberg,
1990; Azuma, 1992). The tip-reversal upstroke did result in a Downstroke inertial power
slight upward acceleration, but this came at the cost of a largerOur results for the inertial power requirements of
rearward acceleration (Figs6). The magnitude of both these downstroke generally support the currently accepted view that
accelerations was much less than those produced during tthee energy required to accelerate the wing in downstroke is
downstroke. Although the tip-reversal does not make awholly subsumed within the aerodynamic power requirements
important contribution to weight support, it was surprisinglyof avian flight (Pennycuick et al., 2000; Askew et al., 2001;
effective at minimizing the inertial work required to accelerateHedrick et al., 2003). Although our calculations show that
the wing in upstroke (FiglA). Despite the reduced duration there is kinetic energy in excess of aerodynamic work at speeds
and increased amplitude of upstroke at slow flight speeds, thid >7m s, this excess kinetic energy is negligible in
wings’ peak kinetic energy was not significantly greater thawomparison to the overall power requirements for flight at these
that at other speedB*0.05; repeated-measures ANOVA). In higher speeds (Fi®). Our simple test of the importance of
a tip-reversal upstroke, the proximal portion of the wing iswing kinetic energy (equatid®) assumes that the pectoralis
accelerated in early upstroke while the distal portion is allowethuscle does no work during the latter half of downstroke as
to travel freely. Later in upstroke, the proximal wing isthe wing decelerates. However, priorvivo measurements of
decelerated while the distal wing is accelerated. Bypectoralis force and length change obtained from cockatiels
accelerating different portions of the wing at different times irand other species show that this is not the case — the avian
upstroke the tip-reversal motion effectively reduces the wing’'gectoralis continues to shorten and produce force throughout
peak kinetic energy and the work required to accelerate tithe downstroke (Dial et al., 1997; Biewener et al., 1998;
wing. This probably permits a more rapid upstroke than wouldHedrick et al., 2003).
otherwise be possible, given the limited size of the cockatiel Re-examination of our previous results for cockatiel
upstroke musculature. Thus, the tip-reversal upstroke appeagrsctoralis power output (Hedrick et al., 2003) shows that
to be an effective means for long-winged birds to rapidly24.2+4.6% (mean £.0.) of the work done by the pectoralis
elevate their wings without a substantial increase in inertids performed as the wing decelerates during the latter half
work and negative (downward or rearward) aerodynamiof the downstroke. Also, this fraction does not vary
forces that might otherwise be produced by upward wingystematically with flight speed. Thus, equatorshould
motion. contain an additional term adding the work done by the

We also confirmed our hypothesis that upstroke lift apectoralis muscle to the aerodynamic work and wing kinetic
intermediate flight speeds provides more substantial weiglnergy. At slow flight speeds (1a8s1), the work done by
support than at slower and very high speeds. At flight speedise pectoralis during wing deceleration does not affect the
from 5ms?® to 11ms?, aerodynamic forces in upstroke conclusion that inertial power requirements are unimportant
produced upward accelerations that exceededsZ but were  because the aerodynamic work greatly exceeded wing kinetic
still less than the 9.8ms2 required to counter gravity energy (Fig8). However, at flight speeds greater than &7,
(Fig. 6). Upstroke lift production was greatest ans 1 and the wing kinetic energy and aerodynamic work done during
7ms resulting in vertical accelerations as high as $2  wing deceleration were similar in magnitude. Consequently,
At these speeds, mean vertical acceleration during downstrokecounting for work performed by the pectoralis during
was correspondingly reduced. As a result, upstroke lift wadownstroke wing deceleration increases the likelihood that not
35% of that produced in downstroke. These results confirrall of the wing kinetic energy can be usefully transferred to
expectations based on our earlier work (Hedrick et al., 2002he surrounding air and that a significant fraction must be
and are also consistent with the gradual increase in upstrok®sorbed or stored through other mechanisms at moderate to
wake energy with flight speed recently found in the thrushast flight speeds.
nightingale (Spedding et al., 2003). An attractive possibility for elastic energy storage is the

The energy source used to power aerodynamic forceeng robust tendon of the supracoracoideus muscle.
production during upstroke is most likely the bird’s ownElectromyographic recordings of the supracoracoideus of
kinetic and potential energy. This is because the upstrok@geons (Dial, 1992) show that it is activated during the
musculature is of small size and is not well positioned tderminal phase of the downstroke. This suggests that, in
produce upward or forward aerodynamic forces. To estimataddition to developing force to decelerate and elevate the wing,
the changes in whole-body energy during upstroke, wés tendon may also store and recover excess kinetic energy of
integrated the instantaneous accelerations using initidhe wing. Future study of the cockatiel supracoracoideus will
velocities taken from the kinematics. This analysis showetle needed to examine this possibility. Otherwise, although
generally similar decrements in whole-body kinetic andreduced at faster speeds, any excess inertial kinetic energy
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during downstroke should be added to the overall powepossible that birds may also obtain some benefit from wing

requirements of flight for this species. rotation. However, we found that net aerodynamic forces
S typically approached zero during stroke reversal at the lower
Upstroke inertial power flight speeds (1-#1s%; Fig.5), when wing rotation is most

Although the inertial power required to accelerate the wingrronounced. This suggests that aerodynamic mechanisms
in upstroke averaged only 14% of the cockatiels’ totabssociated with wing translation, rather than wing rotation,
aerodynamic power requirements, this inertial powepredominate in the generation of flight power of cockatiels, as
requirement is probably incremental to the bird’s aerodynamiwell as other birds.
power requirements. Unlike the downstroke, no aerodynamic
transfer mechanism has been proposed. It is difficult to Future work
envision how the upwardly moving wing of a bird can produce The use of accelerometer techniques first developed by Bilo
lift or thrust without the use of muscles and while losinget al. (1984) and employed here to analyze the inertial and
velocity during the second half of the upstroke, when inertiaherodynamic power requirements of the steady flapping flight
kinetic energy would need to be recovered. Elastic straiof cockatiels over a range of speeds provides considerable
energy stored in the supracoracoideus tendon could be usedrsight into the mechanisms for aerodynamic power production
power the initial acceleratory phase of the upstroke, reducingnd kinetic energy exchange. Such an approach might also be
the amount of additional energy inpigi the upstroke muscles. used to analyze patterns of aerodynamic force production
Although a reasonable candidate for this, until now energguring unsteady, maneuvering flight to better understand the
storage in the supracoracoideus tendon has not beaerodynamic mechanisms by which birds maneuver,
demonstrated and should not therefore be considered particularly at slow speeds. In combination with recordings of
account for the inertial power required for upstroke. muscle activation, force production and length change,

In addition to the upstroke musculature, aerodynamic forcemeasurements of whole-body acceleration may allow a more
might also be used to elevate the wing at the beginning afetailed investigation of how birds produce and control the
upstroke. However, this would not eliminate the inertial poweforces required for maneuvering flight. As we have seen in our
required for upstroke because aerodynamic forces require theinalysis of cockatiels during steady flight across a range of
own energy source. As we discussed above, this is most like§peeds, interactions between wing inertia, elastic energy
derived from losses in the bird’'s own potential or kineticrecovery and muscle work, and the aerodynamic power
energy. Even so, this energy ultimately must be produced byquirements of flight remain uncertain. Experiments that
the bird’s downstroke musculature (pectoralis) during thertificially vary wing inertia while recording pectoralis length
subsequent wing beat cycle. Furthermore, our comparison ohange and force production may also provide better insight
the wings’ kinetic energy in upstroke relative to concurreninto the importance of wing inertia in flight and how the
losses in whole-body kinetic and potential energy suggests thiagéhavior of a power-producing muscle—tendon system operates
all whole-body energy losses are applied to weight suppotinder an inertial load. Inertial loads have recently been shown
rather than wing elevation. to accentuate the peak power output of the plantaris muscle and

Elastic energy storage offers another possible mechanistendon in jumping bullfrogs (Roberts and Marsh, 2003). A
for minimizing the additional energy required for upstroke. Assimilar mechanism could operate in the pectoralis muscle of
in downstroke, it is possible that the kinetic energy is storetlirds during flapping flight if the pectoralis tendon/aponeurosis
elastically as the wing decelerates, most likely in the tendinousan store and release adequate elastic strain energy and this
attachment of the pectoralis to the humerus and within thenergy can be effectively transferred to the air while producing
pectoralis muscle itself. However, recordings of muscle forceiseful aerodynamic force. Finally, the resolution and recording
and length change in the pectoralis of cockatiels (Tobalske &equency limitations of current high-speed video technologies
al., 2003) indicate that the muscle produces little force as thmmake derivation of whole-body accelerations from video
wing decelerates. Consequently, although some storage magreliable in most circumstances, encouraging the use of
occur late in upstroke it does not appear to be large enoughdocelerometers. However, video technologies are improving
account for the loss in wing kinetic energy. rapidly and may soon allow sufficiently accurate acceleration

measurements without requiring the use of accelerometers.

Aerodynamic force production and wing rotation

Our recordings of whole-body acceleration also allow us to Summary
assess indirectly whether cockatiels obtain useful lift from The combination of high-speed 3-D kinematics and three-
wing rotation when flying at slow speeds. Unsteadyaxis accelerometer data allowed us to explore the timing and
aerodynamic force productiomia wing rotation has been magnitude of net aerodynamic force production throughout the
described in insect flight (Dickinson et al., 1999) and, for flieswingbeat cycle of cockatiels flying across a range of steady
accounts for a substantial fraction of the lift needed for weighépeeds. Our results reveal that the proposed mechanisms for
support. Given the rapid supination and pronation of the wingerodynamic force production during upstroke in slow flight
that occurs in cockatiels, and other birds, during the end of thesult in little net force. However, useful aerodynamic force
downstroke and upstroke at slower flight speeds, it seenpoduction during upstroke at intermediate speeds was



observed, consistent with our earlier estimates of circulatiof
and lift production (Hedrick et al., 2002) and with the latest
flow visualization analysis of steady avian flight (Spedding e#t
al., 2003). At speeds fromrii s1to 11m s1, net aerodynamic  Zt
forces during upstroke acted in an upward and rearwards
direction, as expected. Detailed examination of the inertial
power requirements for flapping flight in cockatiels generallyzZr
supported the commonly held assumption that the inertial
kinetic energy of the wing during the downstroke is converted
into useful aerodynamic work and need not represent gh
incremental cost to the power required for flight. This was best
supported at slower flight speeds, where inertial powep
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requirements were greatest but aerodynamic power

requirements were also large. At faster flight speeds, excesswe would like to thank Pedro Ramirez for caring for the
downstroke kinetic energy was observed. We believe that thisockatiels and Bret Tobalske for valuable discussion on these
excess kinetic energy may be recovered by elastic storagesearch topics, as well as the constructive comments of two
within the tendon of the supracoracoideus muscle, but thigferees. Also, special thanks to Pierre Tresfort (Tresfort
remains to be confirmed. Our analysis of the kinetic energyletal Works) and Quentin Spendrup (SMJ, Inc.) for quality
imparted to the wing during upstroke indicates that theonstruction of the wind tunnel. This work was supported by
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power requirement for flapping avian flight. However, some

fraction of this energy may also be stored and recovered within
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