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Summary

A swallow flying in the Lund wind tunnel was observed muscles in each wing beat. The average mechanical power
from the side and from behind, by two synchronised high- turned out to be more than that predicted on the basis of
speed video cameras. The side-view camera provided a current estimates of body drag coefficient and profile
record of the vertical position of a white mark, applied to  power ratio, possibly because the bird was not flying
the feathers behind and below the eye, from which the steadily in a minimum-drag configuration. We hope to
vertical acceleration was obtained. The rear-view camera develop the method further by correlating the mechanical
provided measurements of the mean angle of the left and measurements with observations of the vortex wake and to
right humeri above horizontal. From these data, the force apply it to birds that have been conditioned to hold a
acting on the body, the moment applied by each pectoralis constant position in the test section.
muscle to the humerus and the rotation of the humerus
were estimated and used to analyse the time course of a Key words: flight, mechanical power, wind tunnel, swallblirundo
number of variables, including the work done by the rustica.

Introduction

The basic assumption of flight mechanics is that the rate abt definable in the pectoralis of a bird because the motion
which the muscles have to do work in flight can be calculateonparted to the humerus is rotary rather than linear, and
from the physics of supporting the weight of the body againdlifferent fibres in the muscle shorten through very different
gravity, and of overcoming the drag of the body and wingsdistances. Work estimates are, at best, proportional rather than
This rate of doing work is the mechanical power. The rate aqual to the actual work done. The shape of the power curve
which fuel energy is required (metabolic power) is determinedan be observed from proportional measurements (Biewener et
primarily by the mechanical power, but the connection is noal., 1992; Dial et al., 1997), as can the shape and timing of
simple because the conversion of fuel energy into mechanicalork loops (Biewener et al., 1998), but not the absolute value
work depends on physiological processes for which nefthe power, as required for comparison with values predicted
complete quantitative theory exists. Thus, to test a flightrom an aerodynamic model. In any case, insufficient
mechanical theory, it is necessary to measure the mechanidgaformation about the morphology of the bird, and the
power directly (like the shaft power of an engine) as opposecbnditions of flight, was given in any of these projects to allow
to measuring the rate of consumption of fuel energysuch predictions to be attempted from the data as published.
Mechanical power was first measured directly by Biewener diindesirable features of the technique are that surgery is
al. (1992) on a starling flying in a wind tunnel, and the sameequired to implant sensors, and trailing wires have to be
method was used in a free-flight experiment on pigeons by Diabnnected to the bird.
and Biewener (1993). They measured the force exerted by theTo measure the work done by the pectoralis muscle in
pectoralis muscle during the downstroke by bonding a strairotating the humerus, the moment exerted by the muscle (rather
gauge to the upper surface of the deltoid crest of the humeruban the force) has to be multiplied by the angle (rather than
in effect using distortion of the bone as a spring balance. Thee distance) through which the humerus rotates. In this paper,
distance shortened by the muscle was estimated from videee describe a new method for measuring those variables, and
recordings and multiplied by the force to give the work done iffor estimating mechanical power, which does not require
each contraction. Multiplying this by the wingbeat frequencytransducers to be implanted or wires to be connected to the
gave the power. ‘Force’ and ‘distance shortened’ are actuallyird. The principle of our method is to observe the motion of
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the body and wings as the bird flies in the wind tunnel and the ~ Table 1 Body and wing measurements for the swallow
to apply Newton’s laws of motion to deduce what forces ar:

; ) i Mass of whole body (kg) 0.0190
acting and how much work is being done. We compare th  cqtimated mass of wingless body (kg) 0.0159
estimated power at different speeds with the power predicte  \ying span (m) 0.318
from the theory of Pennycuick (1989a). This theory require: Wing area (1) 0.0132
values to be assigned to a number of variables, some of whii  Estimated wing moment of inertia (kg)m 2.74x10°6
are difficult to measure and are poorly known. The discussio  Gliding moment arm (m) 0.0598

takes the form of searching for combinations of variable value

that will give a satisfactory approximation to the observec Wing moment of inertia was estimated from wing span according
results, and then considering the physical implications of tht© Kirkpatrick (1990).

inferred values.

the beak back to the posterior edge of the wing. The primary
. measurement from this camera was X¥eposition in pixels
Materials and methods of a white spot made with typewriter correction fluid (Tippex)
Birds and wind tunnel behind and below the eye. The spot was placed as far back as
The experimental subject was one of two swallddisupdo  possible, without being momentarily hidden by the wing at
rusticg) captured as adults near Vomb, Sweden, on 21 Masid-downstroke, so as to minimise the possibility that the spot
1999, and released on 15 June 1999. After a period ohight move vertically if the bird were to flex its neck at each
habituation to captivity and handling, the swallows werewingbeat. Actually, neither swallows nor any other species so
introduced into the Lund wind tunnel, where they quicklyfar observed in the Lund wind tunnel stabilised their heads,
learned to fly with minimal training. Full details of the layout except when looking at a perch or the floor, when about to land.
and construction of this wind tunnel were given by Pennycuickn steady flight, the head moved up and down with the body,
et al. (1997), together with performance measurements. The@th no measurable flexing of the neck or rotation of the beak,
width of the test section (1.20 m) was just under four times thim all species including waders and ducks.
wing span of the swallow (Table 1). The rear-view camera was set up to accommodate the whole
The swallow flew in the closed part of the test sectionwing span at mid-downstroke, with some space for lateral
approximately 50 cm downstream of a fine net placed acrossovement. In each rear-view picture, ¥ (pixel) positions
the exit from the contraction. The thread diameter of the neif four points were first recorded, marking the ends of two
was 0.15mm, with a mesh size of 29 w8 mm, i.e. thinner straight lines, parallel to the left and right humeri. The angle
threads and larger mesh than the net used in the performarmween each humerus and horizontal was determined from the
tests described by Pennycuick et al. (1997). The Reynoldmds of the lines. The average value for the left and right
number of the threads would have been approximately 62 aumeri was our estimate of the ‘humerus anglemeasured
6ms?, rising to 114 at 11 nT& This is above the threshold upwards from the horizontal position. The loading and
(Re=40) at which threads generate no turbulence, and wmanipulation of sequences of images were automated by
therefore assume that the net introduced a small amount wfiting an ARexx script to control the image processing
turbulence into the flow. Later, we note the possibility that thigprogram ImageFX (Nova Design Inc.) on a Commodore

could have had an effect on our results. Amiga 3000 computer. This script also recorded the
_ _ coordinates of points selected with the mouse, directly to the
Primary observations ‘raw’ data file. Subsequent processing of the files was also

When any bird settles down in steady flapping flight in thedlone on the Amiga, using programs written as required in
wind tunnel, its body can be seen to oscillate up and down witHisoft Basic 2.
each wing beat. We observed this motion, and also the wing
beat itself, using two synchronised high-speed digital vider
cameras (Redlake Motionscope PCI 500) placed as shown
Fig. 1 to give simultaneous pictures of the bird from the sidt
and from behind. The cameras were controlled by a Pentiu
I 233 MHz computer with Windows NT, running Version 2.15 {}‘ "
of the Motionscope PCI application software of Redlake. The CameraB
camera output was recorded initially in the form of two Net
animation (.AVI) files, one from each camera. The individual —
frames were extracted from these in the form of sequences ﬁ
compressed (.JPG) monochrome picture files, measurir Camera A

480 pixels420 pixels. The pixels were square (aspect ratio 1)rig. 1. The swallow flew in the closed part of the test section and

The side-view camera was positioned 75cm from the centiyas observed from the side by camera A and from behind by camera
of the test section, and the zoom lens was adjusted so that B. Full details of the wind tunnel were given by Pennycuick et al.
width of the picture was sufficient to accommodate the tip 0(1997).
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Fig. 2. Unfiltered data from sequence ‘O’. Upper graph: humeruFig. 3. Filtered data from sequence ‘O’. Upper graph: height in
angle (p), in degrees above horizontal, average for left and righpixels above the bottom of the frame, band-pass filtered from 4.10 to
wings. Lower graph: height of the white spot on the bird’s head, i121.9Hz. Lower graph: distance in pixels from the left (upstream)
pixels above the bottom of the frame. Frame numbers run from 0 tedge of the frame, low-pass filtered from 0 to 4.78 Hz. Vertical lines
364. The height of the graph (300pixels) is equivalent tcmark the beginning and end of the measurement period. Point
approximately 80 mm vertically at the bird’s position. numbers run from 1 to 183, being derived from the even-numbered
frames in Fig. 2. The height of the lower graph (160 pixels) is
equivalent to approximately 42 mm horizontally.
Frequency filtering of data files

The three unfiltered data files for each sequence containethtained from a time series by comparing each measurement
the following numbers for each fran¢:the distance in pixels with the previous one, but this process is very sensitive to small
from the left edge of frame¥, the distance in pixels from the irregularities caused by the limited resolution of measurement
bottom edge of frame; ang the humerus angle in degrees (1 pixel, in our case). Before extracting the derivatives, we
above horizontal (average of left and right). had to smooth the data. First, we applied a Fourier transform

Fig. 2 shows an example of unfilter&dand ¢ files from  to the original time series using the formulae given by
sequence ‘O’, which consisted of 365 frames, at intervals dfhatfield (1996). This transforms the data from the ‘time
4ms. The even-numbered frames were used to measure th@main’ to the ‘frequency domain’, representing the original
‘raw’ data points at intervals of 8 ms. TNerecord shows a time series as the sum of a series of sine waves of different
marked oscillatory component at the wingbeat frequencyfrequencies, each with its own amplitude and phase. When
superimposed on components at lower frequencies due to thdded back together, these frequency components recreate the
bird moving up from the bottom of the frame and then bacloriginal time series. If some frequency components are
down again. The@record shows some irregularities during theomitted, a ‘filtered’ time series results. Fig. 3 shows an
upstroke caused by difficulty in discerning the humerusexample of filterecK andY files from a picture sequence at an
position when the wing is strongly flexed. equivalent air speed of 10migsequence ‘O’; see Table 2).

In the subsequent processingandY were converted into  The filteredo file from the same sequence is shown later (see
x andy, the corresponding distances from the left and bottorkig. 9). Different filtering was used on the three files, as
edges of the frame, respectively (in metres). The scale, whidbllows.
varied slightly as the bird wandered towards or away from the Thex file was ‘low-pass’ filtered to include only frequencies
camera, was obtained by measuring the apparent distance fliom zero to 0.8 times the wingbeat frequency. The filtered file
pixels) between the white spot behind and below the eye andas used to estimate any change in the bird’s air speed between
a second white mark near the tip of the bill. This was done fahe beginning and end of the series, thus allowing for any
every eighth frame, rejecting frames in which the distal spdtinetic energy change when computing the average power. It
was out of the picture or in which the swallow had turned itdooks much the same as the unfiltexdite (not shown), except
head to the side, so shortening the apparent distance betwelkat minor fluctuations at higher frequencies, which would
the two spots. Such gaps were filled by linear interpolation dnave caused spurious variations of speed, have been filtered
by holding the scale constant if frames were missing at theut.
beginning or end of the sequence. In the case of thgfile, we wanted to know the acceleration

The power calculation required the first derivative xof that occurs within each wing beat, but not the slow changes as
(horizontal velocity), the second derivative wf(upward the bird wanders up and down the frame. We used ‘band-pass’
acceleration) and the value and first derivativepgéngular filtration for this, retaining frequencies between 0.7 and 3.5
position and velocity respectively). Derivatives can betimes the wingbeat frequency, but rejecting those above and
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below this band. The high-frequency cutoff smoothes the mp=m-—(0.195n1-1) (3b)

curve, making extraction of the second derivative practicabletDur estimate fom, was 15.9d, or 84 % of the total body mass
while the low-frequency cutoff eliminates slow movements up =9, y ’

. . | f 85% for wallow
and down. The component at zero frequency is the baseli yery close to a measured value of 85% for a dead swallo

ne. : -
By removing it, the original record, which runs upwards fromf?om the freezer. Kirkpatrick’s exponent of 1.1 expresses a

. . ; eneral scaling relationship whereby, at larger sizes, structure
;erzgi/vlszg?;ﬂgzd into a record that oscillates above and beloSnNass is a higher fraction of the whole (Spedding and Lissaman,

In the case of the humerus angle, we needed to know thlggg)'
. Y . . If the upward acceleratioray) has been determined, then
absolute value relative to the original zero line (horizontal). W?he upward forcds, applied by the wings to the body at the

smootheq this series by Ipw-pass f!ltrat|on, retammgshoulderjoints, follows from Newton’s second law of motion:
frequencies from zero to 3.5 times the wing-beat frequency,

but removing the ‘wrinkles’ at higher frequencies. Fo=mp(ay +0), (4)

The lowest frequency in the Fourier series is determined b hereg is the acceleration due to gravity. This force does

the length of the series, and the highest is half the sample " . :
frequency. The Fourier transform does not identify th eposmve work as the body moves upwards and negative work

wingbeat frequency. We did that in advance of the filterin as it moves down, but this is not a direct measure of the wor

operation by noting the frame numbers at which the win%one by the muscles. If integrated over a complete wingbeat

passed upwards and downwards through the zero (horizont%ﬂc.le’ the work equatles o the gain in potential eneAgy)(
ring the cycle, thus:

position.
AEp = mog(y2 = Y1), %)

Estimating velocity and acceleration . .
wherey; andy, are they positions at the beginning and end of

We r_ead the valges from the _f||tered y and ¢ 'f|Ies the cycle, respectively. If the bird begins and ends the cycle at
sequentially, and estimated derivatives from a moving group.

. X same height, the potential energy gain is zero. The potential
of three successive values. Denoting the most recently rea : .
. energy gain was calculated for each sequence as a correction
value ofy asy», the previous value ag and the one before

. X to the estimated work done by the flight muscles. This
that asyo, we estimated the upward velocity)(as the average . ) " ?
L . L correction could be either positive or negative, but was always
of the velocities in the intervals before and after the tima:of

small because of the limited height of the field of view of the
vy = [c(y2 — yo)l/(2At) , Q) camera at the position of the bird (approximately 11 cm).

¢ being the scale factor for converting distances (pixels to Estimating the moment applied to the humerus
metres) andit the interval between succcessive observations

of y (8 ms). This estimate refers to the time of the middle valu
of the threeyi. The angular velocity of the humerus) (was
found in the same manner from three successive observati
of ¢@. The upward acceleratiorayy was found from the
difference in the velocities before and after the timg:of

During the downstroke, the pectoralis muscle does work
%y applying a downward moment to the humerus, and
shortening. We estimated the moment from the balance of
ons . ; . )
orces on one wing, shown at a point during the downstroke in
Fig. 4. The upward forceF(), applied by one wing to the
shoulder joint, is half of the force found from the upward
ay = c(y2 — 2y1 + yo)/At2. (2)  acceleration in equation 4:

The subsequent calculations refer to the timeyiofind Fu=Fu/2, (6)

require data to have been read for at least one.frame before %{]ndd this has to be balanced by the vertical component of the
one frame aftery;. Data were read sequentially from the

beginning of the file, but calculations were only carried ou{lﬁ force (L), which acts perpendicularly to the surface of the

. . : ) . wing. The horizontal components of the lift forces on the left
during a ‘measurement interval’, which covered a whole . . .

: . . and right wings balance one another and cancel. The lift force
number of wingbeat cycles, starting and ending at the frame A )
. X . o on one wing is therefore:
immediately following an upward transition of the humerus

angle through the horizontal position. L = Fu/cosp, @)

Upward force at the shoulders where ¢ is the humerus angle measured upwards from the
To estimate the upward force applied by the wings to thgorizonta[ position. This force applies a momay gbout the
body from the acceleration, we used an empirical formula fron%hOUIder joint, where
Kirkpatrick (1990) for the mass of one wingy) as a function
of the total body massnyj: The moment armA) was estimated as shown in Fig. 5, which
_ 10 is a tracing of the swallow's left wing with the joints fully

My = (974107210, (32) extended in the manner prescribed by Pennycuick (1999). The

We inverted this to give the mass of the wingless bg)y &fter  wing outline was divided into 15 chordwise strips, each 10 mm

subtracting the estimated mass of both wings from the total masside in the spanwise direction. The area of each strip was

M=LA. )
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Table 2.Summary of data

Number
Frames of Measurement
EAS at4ms wingbeat interval  Frequency
Sequence (nT3$) intervals  cycles (s) (Hz)
I 11.0 0-234 5 0.752 6.65
J 11.0 0-372 10 142 7.06
K 11.0 0-300 8 1.14 7.04
L 8.0 0-600 15 2.16 6.94
M 8.0 0-820 23 3.08 7.47
N 10.0 0-466 11 1.54 7.16
o 10.0 0-364 8 1.26 6.33
Fig. 4. Relationship at a point during the downstroke between thg 138 (())__fgg g ffgo gfsz
vertical force on one shoulder joiri), the lift force on the wingl() R 6.0 0-304 5 0.680 735

and the humerus angle)( Fy is half the upward force on the body
(Fp), determined from the upward acceleration (equation 6). Thi
moment applied by the pectoralis muscle to the humerus is found t
multiplying the lift force by the moment arrA)(

EAS, equivalent air speed.

lift coefficient is constant along the wing span, but does not

require its value to be known. On the contrary, since the lift
< A ——> force () has been determined from the acceleration record, the

S lift coefficient can be estimated by inverting equation 9 and

XYL/’_\\ summing over all the strips:
T | CL = 2L/[pyS(V2+ A2uwP)]. (12)

\

% Power and work

d i Having found 'the lift force from equatiop 7 and the momenF

C/7 arm from equation 11, the moment applied by the pectoralis
A muscle to the humerus (equation 8) can be estimated for each
/1K7/\nv /\j\/ frame. Multiplying this moment by the downward angular

™ velocity gives the instantaneous power. Multiplying this by the
Fig. 5. Strip analysis for calculating the moment anis the area of  time interval ft) between frames gives the increment of work
stripi, andA is its moment arm about the shoulder joint (cross). done QQ):

(\I

AQ = LAWAL . (13)

Tft]ese increments were accumulated to find the total work done
uring the downstroke (but not during the upstroke; see
below). The average power over several complete wingbeat
depends not only on the forward spe&f but also on the cycles was founq by summing the work dqng by the musples
; A . _ of both sides during the downstrokes and dividing by the time

downward speed due to the flapping motion, whiclwAs, - .

. . . for the full cycle. The beginning and end points of each cycle
wherew is the angular velocity of the wing about the shoulder : o : i
oint: were defined by the transition from negative to positive
joint: humerus angle (middle of the upstroke) so as to ensure that the
whole downstroke fell within one cycle.

measured, and also its distance from the estimated position
the shoulder joint. Denoting the area of sirigs S, and its
moment arm as\, the force Fj) developed on that strip

Fi = (pCLI2)S(V2 + A%6P), ©

whereCy is the lift coefficient ang is the air density. The

moment M) exerted by the force on the strip about the

shoulder joint is found by multiplying the force by the moment Results

arm (A)), measured for that strip: The data consisted of 10 picture sequences taken during a

o - _ single experimental session on 7 June 1999 at four values of
Mi = (PCLI2)SA(VZ + AW (10) the equivalent air speed, 6, 8, 10 and 11'h{%able 2). The

The mean moment arifor the wing as a whole is found by air density was just below the standard sea level value of

dividing the total moment, obtained by summing all the strips]1.23kgnt3 (Table 3), meaning that the true air speed was

by the total force: approximately 1% faster than the equivalent air speed. The

Ccan _ _ _ distinction is insignificant for our results, but it would be

A= ZSA(VZ+ AZR)/FS(V2+ AZP). (11) significant at certain points in the calculation (noted), in other

This method of finding the mean moment arm implies that thevind tunnels, situated at higher elevations. The principle is
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Table 3.Air conditions measured during the experimental ]
session ;‘f/ . o |
— P
Barometric pressure (hPa) 1015-1017 'g 0.15 i R L N K
Air temperature (°C) 18.9-21.2 S i M J
Air density (kg n3) 1.19-1.21 T - Q
Vo 0.987-0.991 G .
0.1
: , , . § 0.50
o is the ratio of air density to the sea level value, dods the = =
conversion factor between true and equivalent air speed. E 0.453
£ 0405
explained in aeronautical textbooks, and practical formulae aiz ]
given by Pennycuick (1999). % 0.35-
o , Q 03 T T T T T T
Wing kinematics 5 6 7 8 9 10 1 12
At all speeds, the wing was extended fully during the Equivalent air speed (m s'?)

downstroke. It was shortened by flexing the elbow and wrist o o
joints during the upstroke, to a greater extent at higher SpGE(F:gfted Uppitre]rtgrapif\l/. |W:]|’tlgt;reat pedrlof \:\? rthf 12_ Ze\?vlile;]f?(s L_an
As the humerus started to rise from the bottom of th o cc a9anst equivalent ar speed. Lower graph. downsiroxe time

d troke. the lift f I d and th . feath as a fraction of total wingbeat period. The points and error bars
OWNSIroke, the it force collapsed an € primary fea errepresent the means and standard deviations of estimates from the

lost their upward curvature. Flexure of the carpal joint causejngjyigual wing beats within each sequence. Points at the same speed

the hand-wing to continue apparently rotating downwards (ehave been offset to show the error bars. The fitted curves are second-
seen by the rear-view camera) as the humerus started to ridegree polynomials, but these have no formal significance.

The wing folded to its minimum span as it came up toward
the level position. At the higher speeds, there was often
perceptible pause just before the level position, visible irtan be expressed as the ‘span ratio’. The apparent distance (in
several cycles of Fig. 2. This ‘upstroke pause’ was seen at Hixels) between the left and right wing tips was measured in
and 11 msl, but not at 6 or 8nT$. From this point, the wing rear-view pictures, on each frame where the humerus passed
was progressively extended until it reached the fully uplownwards through the wings-level position, and again on the
position, when extension was completed, and the primamgext frame in which the humerus passed upwards through the
feathers re-developed their upward curvature. level position. The span ratio was estimated from each pair of
In the case of variables that could be estimated separatelyfiames as the ratio of the span in the upstroke to that in the
each wingbeat cycle, a mean value could be found for th@éownstroke. This ratio is plotted, with standard deviation bars,
whole sequence, together with a standard deviation. Tha Fig. 8. It declined from a value near 0.5 at 6in®
longest mean wingbeat period (i.e. lowest mean frequency@pproximately 0.3 at 10 and 11 mM.sAccording to the notion
was not seen at low speeds, as reported in two other species
by Pennycuick et al. (1996), but at around 16h(Eig. 6).

The decrease of wingbeat frequency at higher speeds (10 a@ 90 J
11 ms1) appears to be due to the ‘upstroke pause’ seen in tt 2 80 | NLP |
graphs of humerus angle in Figs 2 and 9, which was not seig . + Q M o K
at speeds below 10 mis The downstroke fraction, i.e. the time 2 707 L
for the downstroke expressed as a fraction of the total wingbe 3 60 R
period, decreased with speed (Fig. 6). The magnitude of ttS gg 1
(negative) angular velocity during the downstroke increase -20
progressively throughout the speed range (Fig. 7), as did tt~ _30__ R
top-to-bottom angular swing of the humerus (Fig. 7). % Q Ly ™
(& o
Span ratio and force ratio 3 40 N1 B '3
K

In Fig. 8, the average upward acceleration during th
downstroke, and also during the upstroke, is plotted for the 1 -50 I I | | |
sequences against equivalent air speed. As above, ze 7 8 9 10 11 12
acceleration means that the bird feels normal gravity, while a Equivalent air speed (m s™!)

acceleration of1g means that it is in free fall, with no upward Fig. 7. Upper graph: top-to-bottom swing of humerus apghéthin

force applied by the wings to the body. The averagiach wing beat in the 10 sequences I-R. Lower graph: peak angular
acceleration can be related to wing kinematics. It was notéyelocity w during the downstrokeu(is negative because the wing is
above that the wing span was reduced during the upstroke, rotating downwards). The fitted lines are reduced major axis lines,
all speeds, by flexure of the elbow and wrist joints, and thibut they have no formal significance. Values are meas +

(2]
o —
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Fig. 8. Top graph: average upward= (05—
acceleration during the downstroke (a) and ]
upstroke (b) in the 10 sequences I-R. Middle ]
graph: span ratio (a) and force ratio (b). 0 | | | | | |
Bottom graph: lift coefficient based on peak 5 6 7 8 9 10 1 12
angular velocity from Fig. 7. Values are
means 1s.. Equivalent air speed (m s
of a ‘constant-circulation wake’, which was first observed by Lift coefficient

Spedding (1987) in a kestrel, the creation of transverse The highest lift coefficient observed, approximately 1.5 at
vortices in the wake can be avoided by shortening the wingsm s, may not be the maximum of which the swallow’s wing
during the upstroke by an amount sufficient to keep the liffs capable, but may be compared with a maximum value of 1.6
per unit span constant. In a bird that is creating such a wakgweasured for a gliding pigeon by Pennycuick (1968). If the lift
the lift ratio (upstroke:downstroke) would be the same as thgpefficient is near its maximum at 6 i sthe swallow could
span ratio (Pennycuick 1989b). We were not able to measupgesumably decrease its speed further, by increasing the
the lift during the upstroke because of the varying momendngular velocity and humerus angle swing, towards the higher
arm, but the average upward acceleration gave us an estimgtgues seen at the high-speed end of the range (Fig. 8). Indeed,
of the upward force on the shoulder joints from equations 4ideo sequences were obtained at speeds down to 3!/5ms

and 6, and this is related to the lift by equation 7. The curvgjthough they were not long enough or steady enough to be
of upstroke:downstroke ‘force ratio’ so calculated looks veryysed for the above type of analysis.

similar that of span ratio, but is lower down the graph

(Fig. 8). In the simplest possible scenario, this would mean Mechanical events within a sequence

that, to maintain a constant circulation, the bird would have The top graph in Fig. 9 is the smoothed recording of
to shorten its wings during the upstroke even more than humerus angleg) for sequence ‘O’ derived from the unfiltered
does. However, the similarity of the two curves suggests thdite shown in Fig. 2. The frame numbers represent the data
the difference may be due to the somewhat rudimentanpoints in the filtered time series at intervals of 8 ms. They run
nature of the analysis and that, with more information aboutom 1 to 183, instead of 0 to 364 as in Fig. 2, because only
the vortex wake, it might turn out that the circulation isthe even-numbered frames from the original sequence were
indeed constant. The strong sweepback of the hand-wing, anded as data points for the Fourier transform. Eight wingbeat
consequent very long effective chord when the wing is flexedsycles were used for the subsequent analysis, the beginning of
may possibly make the wing behave as though it were shorteach cycle being defined as the first point after the humerus
than it actually is. angle changed from negative to positive. These points are
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the pilot of an aircraft in a steady, steep turn with 70 ° of bank.

o 07 The graph indicates that the bird feels the acceleration
,§_§ 1 /\ oscillating over a range of more than@approximately seven
é” 0 i times per second — quite a rough ride! The acceleration does
s / \/ \/ \/ \/ not go down as far aslg during the upstroke (or only
-30] momentarily), meaning that the air exerts a net upward force
T 90 on the wings, throughout the cycle.
5 . The third graph in Fig. 9 is the moment exerted by the
? 1.0 A pectoralis muscle on the humerus. The moment is negative
i) ] throughout the cycle, meaning that the pectoralis is pulling
g 04 downwards. The downward moment during each downstroke,
g ] J L/ \/\/\ \/J \/\/ \/ \,\/} V\ \’\/ when multiplied by the angular velocity of the wing, gives the
< -% ] instantaneous power output of the muscle. This is plotted (for
. ] both sides) in the bottom graph. When this power is multiplied
g -0.005 by the interval between frames, it gives the work done in each
= ] 8ms interval. The graph shows a small amount of negative
é -0.010 work being done during the upstroke, but the amount shown is
§ 0015 . based on the same value of the moment arm used during the
e downstroke. In fact, the wing is drastically shortened during
] the upstroke, as noted above, and the negative work done
= 1'0__ would be much smaller than shown. When accumulating the
s ] work done in each cycle, we ignored the upstroke and
2 0 5__ accumulated the work only if the wing was rotating downwards
c ] (w<0). The work done in a given downstroke, when divided
0 NNV N IV by the time for that wingbeat cycle, gives an estimate for the
L L T T 7 ' ' '

average power output of the muscles in that cycle. Eight such
estimates were obtained from sequence ‘O’, and their mean
and standard deviation serve as the average power for the
Fig. 9. Top graph: humerus angle for sequence ‘O’ obtained by lonsequence and its standard deviation. Likewise, means and
pass filtering the recording of Fig. 2 from 0 to 21.9Hz. The thickstandard deviations for other variables, which could be

vertical lines represent the beginning and end of the measuremesstimated for each cycle, were the basis of the points and error

period, and the thin vertical lines are the boundaries betweepars in Fig. 10, in which air speed is the abscissa.
wingbeat cycles, defined as the first data point after the humerus
angle changes from negative to positive. Second graph: vertical Correction for energy changes

acceleration, normalised by dividing loy the acceleration due to The mean power estimate for each sequence was corrected

gravity. —1g (free fall) is at the bottom of the graph. Third graph: . S . .
moment applied by the pectoralis muscle to the humerus; values atr) subtracting any kinetic energy and potential energy gained

negative because the moment acts in a downward direction. Zego"mng the §equence from th,e total work done by the muscles.
moment is at the top of the graph. Bottom graph: instantaneou-ghe potential energy correction was always small (see above)

power output of the pectoralis muscles of both sides for each dabdt, beca}usg of the short duration of the quuences,.the gain or
point. loss of kinetic energy could be an appreciable fraction of the

measured work done by the muscles. If the speed of the bird

is V1 at the beginning of the sequence &adt the end, then
marked by vertical lines, so that events in the three lowehe gain in kinetic energy during the sequence is:

raphs can be correlated with the wing beat. _

° TI?]e second graph in Fig. 9 shows the upward acceleration AB=m(V2* - Vi9)/2, (14)
in ‘g units’, meaning that the acceleration in Thhas been but what speed, exactly, & At first sight, it appears that a
normalised by dividing it by the acceleration due to grag}y ( bird flying steadily in the wind tunnel has zero kinetic energy
taken to be 9.81n1& The acceleration which the bird ‘feels’ because its ground speed is zero, which is true if we want to
is Lunit more than that shown in Fig. 9, because it feels thestimate the energy that would be dissipated in a collision with
acceleration due to gravity in addition to the upwardthe tunnel structure. However, the useful kinetic energy
acceleration (equation 4). When the upward acceleration esvailable to the bird is based on its air speed, not its ground
zero, the bird feels g1 as when standing on the ground, whilespeed, and specifically on its true air speed. If we imagine a
an acceleration oflg represents the weightless condition orgull standing on a post with its wings folded, in a wind of, say,
‘free fall. The peak upward acceleration during eachlOms?, its kinetic energy is not zero, but is based on the
downstroke was approximately g;avhich the bird would feel square of the wind speed. This energy is real and is available
as +3). This is approximately the acceleration experienced byo the bird for immediate conversion into potential energy. If

I I [ I
0O 20 40 60 80 100 120 140 160 180

Point number (at 8 msintervals)
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Fig. 10. Average power for the 10 sequences 7]
I-R versusequivalent air speed. Curve a is .
the predicted power wusing currently 0.05
recommended defaults for body drag ] ) 1
coefficient and profile power ratio. Curve b is ] Vimp (3): 6.68£0.582m s
the predicted power using higher values for 0 T T T T | T T T T | T

body drag coefficient and profile power ratio

0 5 10
(see text). Vmp, minimum power speed.
Values are meansso. Equivalent air speed (m s'1)
the gull opens its wings, it can climb without doing any No correction needed for inertial work

muscular work. Its ground speed (backwards) increases if it Muscular work is also done to accelerate the wing at the
does this, but its kinetic energy decreases as it climbs becausgyinning of each downstroke and to put the upward bend in
it is losing air speed. If a bird in a wind tunnel increases it$he primary feathers (Pennycuick and Lock, 1976). This work
speed by muscular exertion, it does so by developing a thrugfiginates from the downward moment applied by the

force against air that is streaming past at the wind speed. Thectoralis muscle to the humerus, multiplied by the downward
higher the wind speed, the more work must be done for a givgBtation of the humerus, and is included in the measured work
gain of speed. Our measurements of muscular work includghown in Fig. 9: but what happens to the inertial work at the
any work that may be done in increasing the air speed, so Wed of the downstroke? The rotational kinetic energy of the

have to measure any gain of kinetic energy, and substract it, fang (Exw) during the downstroke is given by:
obtain a corrected estimate of the work that would have been
Eiw = (10912, (15)

needed to maintain a steady speed.
The smoothed value affor sequence ‘O’ (Fig. 3) starts at wherel is the moment of inertia of the fully extended wing and
zero at the left-hand edge of the frame. At the beginning of th@ is the angular velocity. The moment of inertia is
measurement period (first vertical line), the line slopegroportional, to a first approximation, to the square of the
downwards, indicating that the bird has a positive groundemispan. This, as noted above, decreases by a factor of more
speed and that its air speed exceeds the wind speed; at the gih 3 at the higher speeds, when the wing folds at the end of
of the period, the line slopes upwards, indicating that the birghe downstroke. Therefore and the kinetic energy with it,
has lost some speed. The true air speed was 10%3anthe  would decrease by an order of magnitude when the wing folds
beginning of the sequence and 9.9tat the end. These are at the end of the downstroke, evemifvere to be maintained
V2 andViin equation 14. The decrease in air speed means that its peak value. We do not know exactly what happens to this
some of the kinetic energy, built up by muscular exertiorenergy, but the most likely possibility, which we hope to
before the sequence started, was lost during the sequence. Wgestigate in the future by simultaneous observations of the
took account of this energy by estimating it from equation 14ortex wake, is that most or all of it is added to the kinetic
and adding it to the observed work done during the sequencgnergy of the air stream in a way that augments the lift or thrust
The correction amounted to approximately 30% of thejeveloped by the wing. There is currently no basis for making
muscular work in this particular sequence, although it did noin allowance for the wing kinetic energy in the power

exceed 10% in any other sequence. It may be noted that we giiculation, because we do not have any reason to assume that
not need to account separately for the work associated Widhy substantial fraction of it is lost.

kinetic energy changes at each wingbeat, because the work

done is already included in our estimate of the work done by Mechanical power curve

the muscles, in the same way as the inertial work for We can now plot our estimates for the mean power in each
accelerating the wings (below). sequence, corrected for gains or losses of potential and kinetic
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energy, with error bars representing the standard deviation @able 2, although each of our picture sequences contained
the power estimates for each wing beat (Fig. 10). Curve ‘a’ isundreds of frames, the measurement intervals were short,
a power curve from Program 1A of Pennycuick (1989a), usinganging from 0.75 to 3.1s. The bird was not flying steadily,
values ofCpp=0.1 for the body drag coefficient, akd=1.11 even for these short periods, but was moving its tail and its
for the profile power ratio. The uncertainty boundaries represehead, as swallows typically do in manoeuvring flight. In
+1 standard deviation, estimated by the physicists’ method, tseveral of the sequences, the tail can be seen to be partially
considering the contributions made by each of the variablespread, and raised, lowered or twisted, and the bird also often
involved in the calculation to the final power estimate. The bodyurned its head to one side or the other, sometimes through a
drag coefficient and induced power factor are both assumed karge angle. Turning the head would certainly cause additional
be subject to 20% uncertainty. On these assumptions, ttedy drag, whereas use of the tail for manoeuvring would
experimental points are far above the supposed upper limitause additional vortex drag. This is known as ‘trim drag’
Curve ‘b’, which fits reasonably well through the points, wasvhen caused by deflection of the control surfaces in an aircraft
obtained by increasinGpp to 0.26 andXy to 2.25. and can make a substantial contribution to the total drag.
Similarly, spreading and deflection of a bird’s tail can have a
) ] substantial effect on the total drag in either direction (Thomas,
Discussion 1996). We might get lower power measurements with birds
Anomalously high power estimates such as the teal and the thrush nightingale, both of which
Our power estimates imply that the body and/or wing dragvould fly steadily in one spot for longer periods, without
exceeded the values calculated from our assumed values &preading their tails, manoeuvring or moving their heads
the body drag coefficient and the profile power ratio. The valuabout.
of the body drag coefficient (0.26) that generated curve ‘b’ in It is also possible that the minimal amount of turbulence
Fig. 10 is actually at the lower end of the range used for thifom the net, across the upstream end of the test section,
original defaults in Program 1A, as published by Pennycuicknight have modified the flow over the swallow’s wings in
(1989a). These defaults were revised downwards following theome way. It may seem unlikely that this would cause a
observation by Pennycuick et al. (1996) that the minimunsubstantial amount of extra drag, but the possibility is
power speeds of two birds, a teAh@s crecchand a thrush interesting because nothing is currently known about the
nightingale Luscinia lusciniy, were clearly well above the effect of small amounts of turbulence in the air stream on the
values predicted ifCpp was assumed to lie in the original flow over feathered wings. An experimental approach to this
default range 0.25-0.4. However, if a value@=0.1 is  will require a bird that flies sufficiently steadily to be tested
substituted, as suggested, and used to calculate curve ‘a’ feith and without an upstream net, under otherwise identical
the swallow, the predicted value for the minimum power speeaonditions.
Vmp (6.68msl), is clearly too high. Curve ‘b, using
Cpp=0.26, has a minimum at 5.26 mswhich agrees better Metabolic power
with the trend of the experimental points. The profile power To calculate the rate of consumption of fuel energy from our
also had to be doubled, to raise curve ‘b’ to the level of theneasurements of mechanical power, some assumptions have
points. The distinction is that profile power is assumed to b be made about the conversion of fuel energy into mechanical
speed-independent, whereas an increagepinincreases the work. This was done in Program 1 of Pennycuick (1989a), but
parasite power, which is assumed to vary with the cube of tHack of quantitative information in this area means that several
speed. An increase in profile power raises the whole curvef the assumptions are little better than guesswork. In contrast
without affecting the slope or the value \&hp, whereas an to flight mechanics, there is no coherent body of theory to
increase irCpp raises the right-hand end of the curve more thampredict the details of energy conversion. Some gaps that need
the rest and movegmp to a lower speed. While it is possible to be filed were pointed out by Pennycuick (1998b).
that the swallow has a high body drag coefficient, because dfotwithstanding this, the stepwise method of calculating
the length and area of its tail, the high value of profile poweperformance in long flights, used by Pennycuick (1998a) and
would imply an unexpectedly ‘draggy’ wing. based on the same assumptions as Program 1, gives good
We could say that, to make the predicted curve fit thagreement with observations of the performance of great knots
experimental points, we had to add a large amount of drag in{@alidris tenuirostri3 migrating approximately 5400 km non-
the calculation, some of it speed-dependent and some speatbp from Australia to China, reported by Battley et al. (2000),
independent, without too explicitly identifying these assumingCpp=0.1 and the profile power rat¥y=8.4t, where
components with parasite and profile drag. Before too hastilyis the aspect ratio. These birds would not get even half way
concluding that the values for drag coefficients, measured do China, under the assumptions underlying curve ‘b’ of
frozen bodies by Pennycuick et al. (1988), were right after alFig. 10. The default values appear to be realistic for birds that
and that our estimate of profile power was far too low, wenay be presumed to have been flying in an optimal manner
should consider whether this particular swallow could havdecause they were observed on long-distance migratory flights.
been generating extra drag for some reason connected with ftee most likely explanation for the additional drag that we
behaviour or with the wind tunnel environment. As shown inobserved here is that the swallow’s flight behaviour in the wind
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tunnel was less than optimal in respect of drag, rather than th@ahatfield, C. (1996). The Analysis of Time Serig5th edition).

swallows are inherently less efficient than great knots. London: Chapman & Hall.
) Dial, K. P. and Biewener, A. A(1993). Pectoralis muscle force and
Concluding remarks power output during different modes of flight in pigeo@slgmba

Our new method for measuring mechanical power is livia). J. Exp. Biol.176 31-54.
somewhat laborious, and there is scope for improvement in th&al, K. P., Biewener, A. A., Tobalske, B. W. and Warrick, D. R.
extraction of kinematic information from the video pictures. (1997). Mechanical power output of bird flightature390, 67—70.
However, the reasoning is simple and direct, and the results dfkpatrick, S. J. (1990). The moment of inertia of bird wings.
internally consistent and credible. The next step is to apply tt}g Exp. Biol. 151, 489-494.

ennycuick, C. J.(1968). A wind tunnel study of gliding flight in the

method to a range of species, and to birds that have beenpigeonCqumba livia J. Exp. Biol. 49, 509-526.

conditione_d to fly more steadily, to determine the reasons for thgennycuick, C. J.(1989a).Bird Flight Performance. A Practical
present discrepancy between observed and predicted powercaicylation Manual Oxford: Oxford University Press. 153pp.
This should provide a much improved basis for determining hoWwennycuick, C. J. (1989b). Span-ratio analysis used to estimate
the requirement for fuel energy is related to the mechanical effective lift:drag ratio in the double-crested cormorant
power. A future development of the method will be to correlate Phalacrocorax auritusfrom field observationsl. Exp. Biol.142,

the analysis of individual wing beats, outlined in Fig. 9, with 1-15.

similarly detailed simultaneous observations of the vortex wakéennycuick, C. J.(1998a). Computer simulation of fat and muscle
burn in long-distance bird migratiod. Theor. Biol.191, 47-61.
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