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Summary

To evaluate the safety factor for flight feather shaftsin demonstrated that feather shafts are most likely to fail
vivo strains were recorded during free flight from the through local buckling of their compact keratin cortex. A
dorsal surface of a variety of flight feathers of captive comparison of the mean (8.3MPa) and maximum
pigeons Columba livig using metal foil strain gauges. (15.7 MPa) peak stresses calculated from tha vivo strain
Strains recorded while the birds flew at a slow speed recordings with the mean failure stress measured in four-
(approximately 5-6 ms1) were used to calculate functional point bending (137 MPa) yields a safety factor of between
stresses on the basis of published values for the elastic 9 and 17. Under more strenuous flight conditions, feather
modulus of feather keratin. These stresses were then stresses are estimated to be 1.4-fold higher, reducing their
compared with measurements of the failure stress obtained safety factor to the range 6-12. These values seem high,
from four-point bending tests of whole sections of the considering that the safety factor of the humerus of pigeons
rachis at a similar location. Recorded strains followed an has been estimated to be between 1.9 and 3.5. Several
oscillatory pattern, changing from tensile strain during the  hypotheses explaining this difference in safety factor are
upstroke to compressive strain during the downstroke. considered, but the most reasonable explanation appears to
Peak compressive strains were 2.2+0.9 times (mears.t.) be that flexural stiffness is more critical than strength to
greater than peak tensile strains. Tensile strain peaks were feather shaft performance.
generally not as large in more proximal flight feathers.
Maximal compressive strains averaged-0.0033£0.0012 Key words: feather, keratin, pigeo@olumbia livia safety factor,
and occurred late in the downstroke. Bending tests strain, flight, stress.

Introduction

Feathers are among the most prominent of a suite af the cortex from the flight feathers of a variety of bird species,
adaptations that facilitate flight in birds. However, despitdBonser and Purslow (1995) found the Young’s modulus of the
considerable attention directed to the aerodynamic, musculaortex to be highly conserved among species and fairly uniform
and skeletal requirements of avian flight, the mechanicalong much of the length of the rachis. In a related study, the
design constraints imposed by flight forces on flight feathecompact keratin was found to be approximately 100 times stiffer
shafts remain largely unexplored. This study presentthan the medullary foam (Bonser, 1996), consistent with an
measurements of the vivo loading regime of feathers during earlier finding of Purslow and Vincent (1978) that the medullary
flight and compares these results with the failure stress débam and transverse septae contribute only 16 % to the overall
feather shafts determined by four-point bending tests in orddérending stiffness of the feather shaft. Because the foam appears
to determine their safety factor during flight. to play a minor structural role and material properties remain

Numerous adaptations make birds stiff and strong, butirly constant along the length of the rachis, it seems likely that
lightweight ‘flying machines’ (Gill, 1995), and the flight feather most of the differences in strength between parts of individual
shafts are no exception. The general design of a feather shaft {feather shafts and among species can be attributed to differences
rachis) resembles that of a composite foam sandwich (Herteh the cross-sectional geometry of the cortex (Bonser, 1996).
1966), a structural design used by engineers to maximize Although thein vitro bending properties of feathers are
strength while minimizing weight (Gibson and Ashby, 1988).fairly well known, little work has been done to examine their
The feather shaft largely consists of a hollow, compact keratilmading conditionsn vivo during flight. Using a quasi-steady
cortex enclosing a medullary foam (for a detailed descriptioraerodynamic model to approximate the forces on bird and bat
see Rutschke, 1976). In a comparison of the material propertiasng bones during flight, Kirkpatrick (1994) estimated a safety
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factor for bird wing bones. However, in order to estimatefeathers, anchored near the elbow joint with 3-0 gauge silk
forces on individual feathers, a more complicated model woulduture tied through the skin, and soldered to a miniature
be needed to predict accurately the lift distribution of the wingonnector (Microtech, Inc.) that was sutured to the skin
in both the span-wise and chord-wise directions. No suchverlying the thoracic vertebrae.
model currently exists. In an attempt to resolve these problemsFlight recordings were made immediately after the birds had
and modeling limitations, we adopt an experimental approactecovered fully from the anesthetic (typically 4-6h later) to
that involves directly bonding strain gauges to the featheprevent the birds from damaging the electronics through
rachis to record strains continuously during flight. excessive preening. The strain signals were transnvited
Peak strains recorded during these flights are used tightweight shielded cable (approximately 30g suspended
calculate a safety factor, defined here as the ratio of failungeight) to a conditioning bridge amplifier (Vishay model 2020,
stress to maximum functional stress. Following Alexander'dMicromeasurements Inc.), sampled at 500Hz by an analog/
(1981) theoretical analysis of several determinants of safetigital converter, and stored on a microcomputer for subsequent
factors, this index of relative strength has been calculated fanalysis. High-speed video images (250 framks &Kodak
many structures including vertebrate long bones (BieweneEktapro, model 1012) and feather shaft strains were recorded
1993), crab legs (Hahn and LaBarbera, 1993), mollusc sheliSmultaneously for some of the flights in order to integrate
(Lowell, 1985) and plant stems (Niklas, 1989). Howeverwing kinematics with the strain recordings. The video images
feather shafts differ fundamentally from these other structuresere synchronized with the strain recordings using a custom-
in ways that would suggest that their safety factor may be vetyuilt device which sent a voltage pulse to both the A/D
low. The ‘cost of use’ of feathers can be expected to be high itonverter and a light-emitting diode placed in the field of view
comparison with that of the wing bones because the momeaof the camera. Successful recordings were obtained from six
arm of the primary flight feathers about the shoulder joint (thdélight feathers (five primaries and one secondary).
primary axis of wing rotation) is longer, increasing their
contribution to the inertial work, or energy, required to flap theAnalysis of feather shaft cross-sectional geometry and failure
wing. It seems probable that the cost of use is the strongest mode
selection agent against birds having heavier, thick-walled flight Following completion of thein vivo feather strain
feather shafts. Correspondingly, the cost of failure of a singleecordings, the instrumented feathers were removed from the
feather, in terms of survival or fitness, should be much less thamimals’ wings, embedded in fiberglass epoxy resin and
that of a limb bone or plant stem. Reduction in this cost magectioned transversely using a band saw. The sectioned ends
be mitigated, however, by the fact that broken feathers cannof the rachis were then polished to smoothness with emery
be repaired and are generally replaced only annually in the wingaper. The compact keratin cortex of each cross section was
molt. Since a high cost of use and a low cost of failure argaced using @amera lucida(magnified 4& on a Wild M8
generally associated with low safety factors (Alexander, 1981}jissecting microscope), and the tracings were digitized using
we predict that the safety factor of flight feather shafts is similas computer graphics tablet (Summasketch Plus).
to or lower than the safety factor of the humerus, which has The digitized sections were then used to calculate the shape
been estimated to be 1.9-3.5 for strenuous conditions of flightarameters considered to be important to the calculation of

(Biewener and Dial, 1995; Kirkpatrick, 1994). safety factor in feathers: the second moment of dyemd the
mean wall thickness to radius ratttR) were determined using
Materials and methods the following formulae:
Animals, training and a description of the flight course | = Sy2dA 1)

Four adult Silver King pigeon€plumba livig (body mass
551-668 g) were obtained from a commercial vendor, house’d

in individual cages (46 crRB6 cnx40cm) and provided with \/ Aout = F
water, chicken feed and bird seedl libitum The birds were (2)
trained to fly indoors along a 9 m path straight to a perch (1.2r v t+r
high) when released by hand. The training period lasted for 1.,
per day for a period of 1-2 months. wherey is the distance from the neutral axis to an area element
(dA) andAin and Aoyt are the areas enclosed by the inner and
Strain gauge attachment and data collection outer surfaces of the compact keratin cortex.

Following training, the birds were mildly anaesthetized Three different models were applied to estimate the critical
(intramuscular injection of 15 mgkfketamine and 1mgkg§  bending moment\() required to cause failure in the feather
xylazine), and single-element metal foil strain gauges (FLK 1shaft: (1) rupture of the tensile surface, in which the shaft was
11, Tokyo Sokki Kenkyujo, Japan) were attached using selinodeled as a beam in bending; (2) local buckling of the
catalyzing cyanoacrylate adhesive to the dorsal surface of ogempressive surface, in which the rachis was modeled as a
or, in most cases, two flight feather shafts. Strain gauges wetten-walled cylinder with a circular cross section loaded in pure
attached approximately 2 cm distal to the calamus (base) of thending (Young, 1989); and (3) ‘wrinkling’ of the compressive
rachis. The lead wires were then passed underneath the covgutface, in which the rachis was modeled as a foam sandwich
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structure (Gibson and Ashby, 1988). The critical bendindor which we were unable to obtain a reliable value of Young'’s
moment to cause tensile failure was calculated using th@odulus from the manufacturer (and which changes over time

following standard formula from beam theory: because of curing and ambient conditions). Errofs iR and
| ¢ associated with tracing and digitizing the cross sections were
M= — | (3) found to be less than 5% on the basis of five repeated
otC measurements of a single cross section.

where ot is the failure stress for feather keratin loaded in
tension (226 MPa; Crenshaw, 1980) amds the maximum . . . .
( ) Primary flight feathers collected from killed and molting

value ofy. The critical buckling moment to cause local bird din bending tests to determine the fail N
buckling failure of a thin-walled cylinder was calculated as Irds were used in bending tesls 1o determine the failure stress

Tests of mechanical failure

(Young, 1989): of the compact keratin cortex of the feather rachis. In contrast
' ' to earlier mechanical studies (Crenshaw, 1980; Worcester,
_ KErt? 1996), the feathers were loaded in four-point bending. This
M= _——, 4) . : .
1-v method of loading was chosen in preference to cantilever

bending because the non-uniformity of cross-sectional shape
where the constard=1, E is the Young's modulus of feather and longitudinal curvature of the feather rachis complicate the
keratin (2.5 GPa; Bonser and Purslow, 1995; Crenshaw, 198Qja|culation of local stresses. Three-point bending was avoided
r is the mean radius of the cross sectibis, the mean wall  pecause it underestimates the failure stress by neglecting the
thickness and is Poisson’s ratio [a value of 0.35 was used,ocal crushing stress on the compressive surface at the point of
based on the results obtained for dry wool fibers by Fraser anghd application and failure. To conduct four-point bending
Macrae (1980); we are unaware of a published value for th@sts, whole section specimens of the rachis, approximately
Poisson’s ratio of feather keratin]. When the rachis is modelegdo mm in length, were cut from the base of each feather. The
as a foam sandwich, the material properties of both thends of the section were rigidly fixed with epoxy resin inside
medullary foam and compact keratin cortex need to b@wo square brass tubes (cross section 4.84n8mm), leaving
considered, and failure is considered to occur when the keratipproximately 10mm of the rachis section freely exposed
cortex wrinkles (Gibson and Ashby, 1988). Wrinkling of thepetween the brass tubes (see Fig. 1A). The specimens were

cortex is likely to occur when: then loaded to failure in a custom-built four-point bending jig,
o oA using a 45N load cell (A. L. Designs, Inc.). Following the

|V|:2.28Nth3/EmEcz Dp—mD , (5) mechanical tests to failure, the free ends of each rachis

OPc [ specimen were embedded in epoxy resin, sectioned and

smoothed, as above, to meaduandt/R as close as possible
wherew is the width of the sandwichjs the mean thickness to the site of failure. The local stress required to cause failure
of the top and bottom layers of the cortéxs the height of  of the test specimens was calculated from the applied bending
the sectionEm andEc are the Young’s moduli of the medulla moment and cross-sectional geometry using a rearrangement
and cortex, respectively, apeh andpc are the densities of the of equation 3:
medulla and cortex, respectively. Mc
o= — . (6)
Effect of strain gauge reinforcement '

Because the rachis is a thin-walled structure, the strailm nearly all cases (see Results below), four-point bending was
gauges probably provided significant reinforcement to théound to involve buckling failure. Because the cross section
dorsal surface of the feather shafts to which they were attachatso flattens as a result of Brazier buckling (Brazier, 1927), the
during flight. The magnitude of this stiffening effect wassecond moment of areB {ends to decrease as load is applied,
estimated using digitized cross sections of feather shafts witausing equation 6 to overestimate the stress at failure.
the strain gauges attached. Assuming a value of 2.5 GPa for theasurements made from video images recorded during a
Young's modulus of feather keratin (Bonser and Purslow, 199%uckling test (at 3® magnification) indicated only a 6%
Crenshaw, 1980) and 5.6 GPa for the strain gauge backimpcrease in the diameter of the shaft prior to buckling failure.
(manufacturer's specifications), values Bifc of the rachis Consequently, equation 6 probably gives a reliable measure of
were calculated with and without the strain gauge present fdailure stress within the wall of the cortex.
each recording site. These calculations indicated that gauge
reinforcement of the six feather shafts varied from 20 to 62 %, Scanning electron microscopy
averaging 44+15% (meanstd., N=6). Strains recorded from Scanning electron micrographs were made from mechanical
each feather shaft were subsequently corrected by the estimétst specimens loaded to failure in buckling and in tension to
of gauge reinforcement. Subsequent mechanical tests wigitovide a detailed view of the fracture surface and additional
known applied bending moments showed that these estimat@sight into the mode of failure. The section of the shaft loaded
of reinforcement are likely to have been conservative, probabiyn tension was prepared by cutting a 30xim® mnx0.25 mm
as a result of the high stiffness of the cyanoacrylate adhesivest piece from the cortex, whereas a whole test section was
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used for imaging the surface subjected to buckling failure. Thpeak tensile strain averaged 46+19% (meamns N=90) of
specimens were sputter-coated with a gold film before beintihe magnitude of peak compressive strain for the entire set of
imaged with an electron microscope (Amray, model 1810). recordings. However, the relative magnitude of the peak tensile
strain during the upstroke was generally smaller in more
Results proximal feathers (e.g. peak tensile strain averaged 27+14 %,
In vivo strain recordings N=15, of peak compressive strain in the fourth primary of bird
and the second secondary of bird 6 compared with 5518 %,
=15, in the ninth primary of bird 1 and the eighth primary of
Epird 3; P<0.01, unpaired-test; d.f.=28).
A frame-by-frame analysis enabled the synchronization of
the strain recordings with the wingbeat kinematics. Fig. 2B

patternin vivostrains (Fig. 2A) generally followed the pattern shot\;‘vs an ebxpzatndec:hrecl:jgrgilng of (;hteh strain deveFI)ch]ped n ]Ehtﬁ
expected for a cantilever beam oscillating in the dorsoventré'?_n wing beat as the bird passed the camera. Fhases of the

plane (Fig. 1B). Tensile (+) strains indicate a ventrally oriente llgéglgbea_trsre Iabilei acgording to.ttr?e terrr;]inologty of BJO\?;?
force (with respect to the feather, not the body) an )- € upstroke begins with a phase terme e

compressive ) strains denote a dorsally directed force_‘backwards flick’ during which the bent wings are powerfully

Representative strain recorded from the dorsal surface of rgtracted. T his phase of the wing s.trol'<e IS characterlzed by a
ninth primary feather is shown in Fig. 2A. Regular patterns o rge tensile strain peak (0.0017), indicating a force directed

strain were generally recorded in all feather shafts, with th nteriorly with respect to the bird (ventrally with respect to the

: ; ; ther). The orientation of the net force on the feather shaft
tensile and compressive peaks always corresponding to the . X :
P P y P g pears to shift dorsally with respect to the feather during the

upstrokes and downstrokes, respectively. The magnitude . . o
P P y ¢ extension’ phase prior to the beginning of the downstroke.

A Brown (1948) distinguished between the early adduction phase
of the downstroke, which he called the ‘downstroke’, and the
—F/2 —F/2 later protraction phase, which he termed the ‘forward swing'.
Strain was compressive throughout the downstroke, reaching
a peak magnitude 0f0.0034 in the middle of the ‘forward
swing’, at a point in time after which wing depression at the
shoulder is nearly complete.

Histograms of peak compressive strains digitized from the
recordings obtained from six feathers are displayed in Fig. 3.
The mean peak strains recorded from individual feathers varied
from as low as-0.0021 to as high as0.0053, averaging

E/2 E/2 —0.0033+0.0012 for the pooled sample (measnt, N=231
wing beats). Although these recordings were made from
different feathers on different birds, the data suggest somewhat
B . higher peak strain magnitudes in the distal feathers. This
Compressive (-) . L .
pattern is supported by an examination of peak strains recorded
7 G from different feathers within the same individual, for which
higher strains were measured in the more distal feather of the
1 T two birds in which such a comparison could be made (pigeon
1, P<0.0001,N=26 wing beats; pigeon 6<0.0001,N=37;
Mann-WhitneyU-test). However, given the small sample of
feathers for which we were able to obtain successful strain
Fig. 1. (A) A schematic diagram of the four-point bending systenrecordings, this result can only be considered suggestive until
used in the mechanical tests to failure. Transverse foF)ewdre additional data become available.
applied to 4.8 mm square (in cross section) brass tubes (represented
by the shaded rectangles) to avoid exerting local crushing stresses on Mechanical failure properties of feather shafts

the feather shaft itself. (B) A schematic diagram of the rachis as itis ¢ four-point bending tests demonstrated that flight feather
loaded in flight. The rachis is fixed in place by the base of the windp ¢ are much more likely to fail by local buckling than by
at the left, with aerodynamic forces acting vertically along its length.

Lift forces exert a counterclockwise bending moment about the bas@jIpture of the tensile surface. Of the 15 feather shafts loaded

which produces negative, or compressive, strains on the dorsid ff""lure’ only one shaft actually failed by tensile fracture
surface at the site of the strain gauge (SG). Note that this loadif§/hich we suspect was probably due to structural damage
scheme oversimplifies the more complex loading of the rachis duringicurred prior to testing). The mean bending moment at failure
flight, which also includes torsion resulting from the longitudinalwas 0.20£0.03Nm (mean 0., N=15), corresponding to a
curvature of the rachis along its length. compressive stress of 137126 MPa. Cross-sectional data

The birds flew the 9 m course in approximately 1.8s, or at
mean flight speed of 5m’s Characteristic of slow flight, the
birds typically flew with their body oriented at a steep angl
(approximately 30° to the horizontal), with wing kinematics
that exhibited a prominent wing tip reversal ‘figure-of-eight’

7 ! {

Lift
Tensile (+)
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Fig. 2. (A) Representative strains recorded  0.001 4
from the dorsal surface of a ninth primary

feather shaft for an entire flight sequence.

Lift forces produce negative (compressive)} 0+
strains, so negative peaks occur during th8
downstroke and positive (tensile) peakm
occur during the upstroke. The bird bega@
the flight with an upstroke to initiate its®
first downstroke. Peak compressive strains
increased during the first four downstrokes g g2 |
and then remained fairly constant until
after the bird had passed the video camera
(shaded region). (B) An expanded

-0.001

recording of the strain recorded for the -0.003 7

cycle during which the pigeon passed the Backward .

camera. The line drawings (adapted from flick ‘ Extenson‘ Dpwnstroke |
Brown, 1948) show the position of the -0.004 ‘ ‘ ‘ ‘
wings during each part of the wingbeat 1.55 157 1.59 1.61 1.63
e Time (s)

obtained from the feathers near the site of failure were used &md then a catastrophic collapse of the cross section due to
calculate a theoretical buckling moment according to equatiocomponents of stress perpendicular to the compressive surface
4. The predicted values for buckling failure stress obtainedf the structure (Brazier, 1927). In contrast, Fig. 4B shows the
from this calculation averaged 166+27 MPa, only slightly mordractured surface of a section of the rachis loaded to failure in
than our empirically derived values. uniaxial tension, revealing that tensile failure occurs primarily
Scanning electron micrographs of sections obtained froralong a plane parallel to the fibers and oblique to the surface
failed pigeon primary flight feather shafts are shown in Fig. 4of the cortex. Fig. 4C shows an oblique end-on view of the
Fig. 4A shows a short section of a feather shaft thafractured ends of the same section at a higher magnification.
experienced local buckling of its dorsal surface; theFig. 4B,C suggests that fracture of the shaft was initiated along
predominant mode of failure observed during the four-poinplanes of weakness between fibers, which continued to
bending tests. Numerous transverse, as well as a feseparate until the cross-sectional area of intact fibers had
longitudinal, microfractures are observed at the site of failurejecreased to a critical size. At this point, the stress within the
none of which completely broke through the dorsal wall of thdibers would have built up to exceed the tensile breaking
section (the longitudinal axis of the feather runs obliquely fronstrength of the keratin, causing rapid rupture of the section.
upper left to lower right in the micrograph). This behavior
appears to typify local buckling, which is a complex mode of Analysis of failure mode
failure entailing first a gradual flattening of the cross section Given a structure with consistent material properties, the
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Bird 1, ninth primary

l‘?A G =-0.0034
T . ..||ll||||. ,

Bird 3, eighth primary

15 B 0 =-0.0053
> LII“H
1 t t

Bird 6, fifth primary

15 g=-
1 C 0 =-0.0036
g |
8 | N
g
= Bird 2, fifth primary
g 15 G = -0.0027
£ 1 D
Z 5
T A
Bird 1, fourth primary
15 g=-
1E o =-0.0029
5 I
} | M
Fig. 3. Histograms showing the sampled frequency Bird 6, second secondary
distributions of peak compressive strains recorded 15 & =-0.0021
from six different flight feathers (A—F), ordered from F
distal to proximal location within the wing. The 5 Il||1
location of each of the feathers is shown on the ™ ¢ ’ e
silhouetted wing to the right. Mean peak strainis -0.006 -0.004 -0.002
also shown for each feather. Strain

mode of failure can sometimes be predicted on the basis of &0.0033) and maximum-0.0063) peak compressive strains
analysis of cross-sectional shape (Currey and Alexanderecorded from the flight feathers during slow level flight
1985). Fig. 5 shows the theoretical critical bending momentsorrespond to mean and maximum peak stresse8.8fand
that would cause failure in a feather shaft due to: (1) fracturel5.7 MPa, respectively. These stress values indicate a safety
of the tensile surface; (2) local buckling; and (3) surfacdactor ranging from 9 to 17 under these conditions on the basis
wrinkling, calculated using equations 3, 4 and 5, respectivelyof our empirically derived estimate of 137MPa for the
For each failure mode, the critical bending moment decreasésickling strength of the feather shaft. Given the uncertainty of
towards the feather tip because the shaft tapers distally. Tlerrecting for strain gauge reinforcement of the feather rachis,
lowest curve (cortex wrinkling) indicates the most likely these estimates of safety factor should be treated with caution.
failure mode because, as a feather is bent to failure and the
bending moment increases from zero, it must first pass through ) .
a lower curve before reaching a value indicated by the next Discussion
highest curve specified by another failure mode. Tensile In vivo strain recordings
fracture, therefore, is the least likely mode of failure along the In comparing our results for feather strains with other avian
entire length of the feather shaft. The critical bending momentiight data, it is important to bear in mind that these data were
predicted by the sandwich and the thin-walled cylinder modelgbtained for slow flight. The wing kinematics were
however, are fairly similar and consistent over the length ofjualitatively similar to those described by Brown (1948) and
the rachis. Nevertheless, their predicted critical failureTobalske and Dial (1996) for the slow flight of pigeons, during
moments are only approximately 50% of the empiricallywhich the wing tips moved in a characteristic ‘figure-of-eight’
derived values. pattern. This indicates that the birds were probably using a
vortex ring gait (Rayner, 1995; Tobalske and Dial, 1996). The
Safety factor during flight wing tips were invariably brought very close to one another
Using a value of 2.5GPa for the elastic modulus of featheduring the reversal at the end of the downstroke, to the extent
keratin (Bonser and Purslow, 1995; Crenshaw, 1980), the me#mat one of the birds clearly crossed its wing tips at this time.
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Distance along feather shaft (mm)

Fig. 5. A comparison of theoretical critical bending moments to
cause failure along a feather shaft. Critical bending moments were
calculated on the basis of the digitized shape for a series of 15 cross
sections along the length of a feather, using the three failure models
described in the textl) the critical bending moment for the feather
shaft modeled as a beam that fails by tensile rupture (equation 3);
(@) the critical bending moment that produces local buckling failure
of the shaft when modeled as a thin-walled cylinder (equation 4);
(A) the critical bending moment of a composite foam sandwich that
fails by wrinkling of the compressive surface (equation 5).

This pattern of wing tip reversal at the end of the downstroke
may aid in the closing and shedding of a vortex ring before the
initiation of the following upstroke (Rayner, 1995).

The time course of strain recorded from the flight feathers
in this study differs from the pattern of pectoralis muscle force
development during the downstroke (Fig. 6) on the basis of
calibrated bone strains recorded directly above the insertion of
the pectoralis muscle on the deltopectoral crest of the humerus
(Biewener et al. 1998; Dial and Biewener, 1993). Whereas the
compressive peak in feather strain occurs during the ‘forward
swing’, pectoralis muscle force peaks much earlier during the
first half of the downstroke. The peak in feather strain occurs
at a point in the wingbeat cycle during which the wings are
simultaneously supinated, adducted and protracted so that the
ventral surfaces oppose each other in front of and below the
bird’s body. Consequently, much of the force acting on the
feathers at this time is oriented laterally and, therefore, cannot
Fig. 4. Scanning electron micrographs of feather shafts loaded forovide much thrust or weight support. Because the
failure. (A) Dorsal view of a region of the rachis that failed in gerodynamic force acting on the feathers opposes the inertia of
buckling. The Iongif[udinal axis of tht_e rachis runs obliq_uely fromihe wing, we speculate that the bird may rotate its wings during
upper left to lower right. Numerous microfractures are evident, mosa forward swing in order to increase profile drag, thereby

of which appear to run transversely to the shaft. (B) An Interior Y'em@ecreasing the amount of muscle force needed to decelerate the
of the fracture surface of a feather shaft that was loaded in tension ta

failure. Some of the medullary foam that remained attached to thvéllmlJ tf)rlorr;to thekwmg tp reversala he d | ¢ fth
cortex is visible on its internal surface. The fracture appears to Although peak strains measured at the dorsal surface of the

follow planes of weakness between keratin fiber bundles until thEachis were always compressive, high-magnitude tensile
cross-sectional area of intact fibers was reduced to a critical size. Atrains were recorded in the primaries during the ‘backward
this point, the remaining intact fibers appear to have ruptured. (C) Afick,” signifying a net force directed ventrally with respect to

oblique end-on view of the feather section displayed in B, showing the feather or anteriorly with respect to the bird. It is possible
magnified view of the ruptured fibers. Scale bars 160 that some of this strain is due to the inertia of the feather
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0T — 60 feather rachis. Because feather shafts are curved (concave
posteriorly), distally applied forces not only bend but also
pronate (twist) the feather shaft. This will subject the shaft to
significant torsion, which is known to lower the critical
bending moment needed to cause local buckling failure in thin-
walled cylinders (Young, 1989). As a result, feather shafts can
be expected to buckle at lower bending momeéntsvo than
those measured in four-point bending. Owing to the practical
difficulties associated with attaching rosette strain gauges, or
even attaching single-element strain gauges along the
estimated shear strain axis of the feathers of a live bird, we
were unable to measure torsion during flight. On the basis of
Downstroke Forward measurements of the longitudinal curvature of the rachis, we
, , , Swing | estimate that the torsional moment is probably less than 20%
1.60 1.62 1.64 1.66 of the bending moment. This suggests that our results
overestimate the safety factor of the rachis, but not by a
substantial amount.

Fig. 6. A comparison of the timing of dorsal strain recorded from a How do our safety factor estimates for feather shafts
ninth primary (solid line) relative to pectoralis muscle forceCompare with safety factors measured in the wing skeleton?

development (dashed line; data from Biewener et al. 1998) during ti@n the basis of their relatively high cost of use and the low

downstroke and forward swing (see Fig. 2B). Feather strain on th8ost of failure, we predicted that the safety factor of flight

dorsal surface of the rachis is compressive during the downStrOkEather shafts would be less than or equal to the safety factor

reaching its greatest magnitude during the ‘forward swing’. In contras}, h . f f f . -
peak pectoralis force develops much earlier during the downstrok or the wing bones. However, safety factors for avian wing

Force measurements of the pectoralis are based on calibratB@Nes appear to be much lower. Biewener and Dial (.1995)
measurements of strain developed within the deltopectoral crest (DPgPorted a safety factor of 3.5 for the humerus of a pigeon
of the humerus. loaded in bending, and 1.9 for the same bone loaded in torsion

on the basis ofn vivo shear strain recordings. Kirkpatrick
(1994) calculated a mean safety factor of 2.2 for wing bones
causing it to bend forward in response to the backwarffom 14 different species on the basis of quasi-steady
acceleration of the wing. Nevertheless, the magnitude of peaerodynamic models and loading tests of bending strength. In
tensile strain seems to be large enough in comparison with tl@other study, Swartzt al. (1992) obtained a similar safety
peak compressive strains measured during the downstroke factor (3.9) for both bending and shear strains in the wing
suggest the possibility of useful force generation. Aldridgébones of megachiropteran bats during flight.
(1987) and Brown (1951) considered the possibility that profile At least three factors could contribute to why the safety
drag on the dorsal wing surface could produce thrust durinfactor of feathers is much higher than for the wing bones. First,
this early phase of the upstroke. However, Rayner (1991he lack of a mechanism for repairing any damage that
contended that flow visualization observations do not providaccumulates over long periods of use can be expected to favor
evidence of aerodynamic force production during this phase @fn increased safety factor. In the present study, however, this
the upstroke. Our results suggest that this issue deserves furtigerunlikely to be an important consideration since our
attention. mechanical tests of breaking strength were carried out on
molted feathers, which had presumably accumulated a year's
Safety factor of the rachis worth of damage. Second, it may be that feathers must resist
While the concept of a safety factor is both simple andtresses greater than those induced by aerodynamic forces
elegant, many complications can arise when applying it tduring flight. Accidental collisions with branches or other hard
animal structures. For example, it is often difficult to ascertaiobjects could cause high local stresses in the feather shaft.
whether the data are representative of maximal performanc®bservations of feather damage in our caged birds indicate,
Clearly, in our present study, this was not the case. In lowever, that damage typically affects the feather vanes before
previous study of pigeons flying near their performance limithe shaft, leading us to discount this as a significant factor. A
(carrying their full body weight on their backs), humeral bonehird, and we believe more likely, explanation is that feathers
strains were found to be approximately 40 % higher than thossre constrained more by their need to be stiff than their need
during slow flight (Biewener and Dial, 1995). Consequentlyto be strong.
we might expect a comparable 1.4-fold increase in feather shaft Feathers must be sufficiently stiff to transmit aerodynamic
stresses under these more strenuous flight conditions. Suchfarces effectively to the musculoskeletal system and to resist
increase would lower the safety factor of the feathers texcessive shape change during flight. Their flexural stiffness
between 6 and 12. This is compounded by the uncertainty ¢EIl) depends both on the cross-sectional shape of the rachis
our estimates used to correct for gauge reinforcement of tlend the Young’'s modulus of the feather keratin (Wainwright
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et al. 1976). A comparison of the material properties 0f9306793 and IBN-9723699 to A.A.B. and an NSF multi-user
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