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lD INTRODUCTION@ 

1.1 General: 

The wing movements of a bird, appearing to the 

cursory eye fairly simple, are in fact highly complicated 

and necessarily so if the flight requirements are to be 

satisfied. Whilst the anatomy of the wing has been 

extensively studied and there has been a large body of work 

done on bird flight, the latter has been unco-ordinated and 

little attempt made to correlate it with the former. 

The object of the present work is to analyse the wing 

actions from observation and slow motion photography and to 

relate this to the structure and operating mechanisms. This 

required a detailed study of the form and arthrology of the 

structure and the myology of the mechanism. 

Much of the information contained herein has been 

obtained from a study of the following species:-



ColJ!I!lba li via 

BemiRhaga n£2~eelandiae 

Anas superciliosa/platyrhXD~ 

Cygnus atratus 

~rus novaehollandiae 

Larus dominicanus 

1 .. 2 Review......QL.. the Li terat.ure 

From the earliest times man has shown considerable 

interest in flight but the f t known scientific 

investiga on into its nature is believed to be that 

Leonardo da Vinci (1452 - 1519). Considering his lack 

what is considered today to be the most bas aerodynamic 

knowledge, his observations were remarkably acute. His 

sketches of the wings and suggested operating mechanisms 

for man-powered flight reveal that he had a good knowledge 

of the anatomy and movements of the wing. He was the first 

to note the figure eight movement of the wing tip, 

subsequently confirmed by Marey and others .. White (1710 -

1793) in his book on the Natural Hist of Selbourne notes 

some of his observations of the different types of flight 

of various birds which, though shrewd, lack any aerodynamic 

insight. 

In the middle of the 19th century investigations 

2. 



and observations of a more rigorous nature began to 

appear" 

flight 

Hutton (1872) a~~r·s on observations of the 

the Black-backed gull ~~~~.~~:~:~~=) and 

compares the conclusions of Marey (1869) the Duke of 

Argyll (1867) amongst others, with his own deductions .. 

With an inherent appreciation of aerodynamics probably 

derived from experience in sail, he has analysed the 

motions very fectively.. In particular he shows that 

turning is achieved by banking than by the 

complicated manoeuvres suggested by some of his 

contemporaries. Hutton (1869) also discussed the f ght 

the the Albatross (presumably Diomedia exulans) and 

attempts to deduce the drag of the bird 0 Webb (1 869) 

makes some comments on Hutton's paper but neither of 

them has appreciated significance of the wind 

velocity gradient over the sea. This velocity gradient 

the wind over the surface of the earth is noted by 

Headley (1895) and he discusses the dynamic soaring of 

a gull. 

Much this early work was an attempt to deduce 

from observation of birds the principles of aerodynamics. 

This was, of course, logical but presented very great 

difficulty.. With the lack of high speed photographic 

apparatus is extremely difficult to determine the 

configuration and attitude of the wing during flight, 

3" 



,and it is greatly to the credit of these workers that 

their deductions were reasonably correct in many cases. 

Eiffel (1913) proceeded to investi the 

behaviour of a number of aerofoil shapes in the wind 

tunnel and from these it was possible to deduce 

aerodynamic principles involved. It is worthy of note 

that one of the shapes tested was designated "Birdls 

wing"" A number of other investigations were made during 

this period, notably R .. & Mo_ Nos .. 72, 110, 1 " 

From 1920 onwards the relationship between the 

knowledge gained of aerodynamics and the flight of birds 

began to be examined e Fullerton (1925) endeavoured to 

deduce the power expended by a bird in flight and a 

discussion followed with Gnosspelius (1925)" In the same 

year Walker tackled the problem of flapping flight the 

Rook (Corvus frugilegus) on a mathematical basis and made 

the important point that the inner wing supplies lift 

during both the up and down strokes. 

In 1929 Boel approached the problem from first 

principles and included in his work extensive feather 

trimming experiments. Large portions of the secondary 

feathers of the pigeon (Columba livia) may be removed 

without preventing flight, thus showing the paramount 

importance of the primaries.. This seems to show that, 

although in the natural state, the inner wing supplies 

lift during both strokes, the manus can replace this 

4" 



if necessary. He noted the separation of the primaries 

but in his discussion appears not to have appreciated that 

they form a cascade of aerofoi1s e This is not surprising 

as at that time little work had been done in the cascade 

5 .. 

wind tunnel. In considering the separated primaries it must 

be remembered that a properly designed cascade gives less 

turbulence, and, therefore, drag, than does a solid 

aerofoi1 for the same lift except possibly for low values 

of the latter. Again ,the c-ascade may be made to produce 

a greater def1exion (and therefore greater lift) than the 

single. Excellent examples of cascades may be seen in 

wind tunnels where they are used to turn the air flow through 

a right angle with very little loss. Handley-Page (1921) 

eXperimented with multi-slotted wings but found their per

formance disappointing. ArgL~ents concerning Wing-tip 

vortices must be treated with caution since, for a finite 

wing, these are a necessary accompaniment of lift production. 

It must be remembered that the primary feathers 

flex considerably under pressure and this is particularly 

well marked when there are large gaps between them. This 

means that the resultant force, while it may still be 

inclined forward, is no longer perpendicular to the Z axis 

of the wing. Thus considerable thrust may be supplied 

without producing undue lift. By this means the effort 

put into moving the manus contributes thrust without an 

unwanted amount of lift, most of the lift required being 



supplied by the portions the wing nearer the body. 

Graham (1932) made some interesting comments on 

what he Ii Saf ety Devices in the Wings of Birds" 

and showed that air pressure alone could cause the feathers 

of the manus to open. He gives some very good sketches 

wing s and their adaptation to different modes of 

f 0 He notes the stalling of the inner wing of a 

Montago's Harrier ) which apparent 

caused some confusion when the photograph f st appeared o 

Lachman (1932) in his reply to Graham takes issue over 

the use the a He maintains, correctly, that it 

is too to act as a slot-forming aerofoil in the same 

6 

as that Handley~ and concludes that it is probably 

a use vesti 1 append In this ter it is believed 

was wr 

Aymar (1938) collected a number action 

phot whi show various flight at tudes in at 

1 and there is some inf on on flight and origin 

b s. Guidi (1938) produced a series of photographs a 

pigeon flight, views being taken from side, behind 

above, and although they are not exactly synchronised, 

are suff ly c for reasonable correlation. 

Mangarl (1938) a 0 took hi speed photographs and endeavoured 

to ana the air movements by injecting tobacco smoke. Holst 

and Kuchemann (1942) discussed v ous aspects of aerial 

flight deduced the Reynolds numbers for representative 
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biI':ds sects o They important the 

outer can give thrust on upstroke as well as on 

the , and that the ne due to this is balanced 

by the inner wing fte 

S Idt (1890) and ow and Selenka (1891) are 

best known oneers of avian myology but: were 

more c with anatomy 

a very good at 

flight 0 (1943) 

(1946) 

c 

de 

ana 

pub 

(1 

a 

s 

avian myology but Fi 

not only the wing myology in detail but also 

their actions .. s was a valuable 

a knowledge of muse actions is es 

the wing movements~ Berger and 

forward, 

a1 when 

(1966) have 

a good modern on avian myology 

the nomenclature mOI:e systematically .. 

From 1948 onwards 

on this subject 

tt le book on 

his st 

0) successfully c 

ernate flapping 

also noted the s 

lised wrist j t 

has been an 

published 0 

subject in this 

on the flight 

ing volume 

orer prod uced a 

and Brown 

birds.. Saville 

the mis on concerning 

wings of the Swi ). 

r~quired for a speed wing and 

the Ruby- Humming Bird 

~~~~~~=~~~~~)@ Maynard-Smith (1952) propounded 

in flight is The case for s 

is well argued and convincing and s not appear to have 

considered ously .. 



Berger ( 4), Nair (1 

all studied in 1 the 

~as with c 

s s of American cuckoos 

and 

) Swinebroad (1954) 

myology of certain birds Q 

ng the myology three 

~~~~~~~-~~.~~~~), 

~=~~~~.~~==~~~) 

a and good f respectively. Nair, 

8 

with ~~~~~~.~~~~~ Mi Ivu.2.........~gra:t;l..§., suggests 

the dupli on of Mm@ extensor metacarpi alis, 

f or carpi ulna s and extensor metacarpi u the 

Mi us allows the s to rest a ly thus 

during long f ghts. Swinebroad, comparing 

passerines 

innervation of the musc sand 

to the of flight. 

is concerned to note 

rela tionship 

Fisher 0.957) scusses the mechanism of the 

a-ulnar complex in connection with the extension of 

the manus and reported the effect on f ght of various 

surgical modifications. These reSUlts confirm that 

aerodynamic forces playa large part in fixing the 

posi on 

and 

the manus 

are of 

The alterations to the tendons 

t but it mllst be remembered that 

animal mechanisms are extremely adaptab and are able 

to compensate, to a 

tokova (1956) 

of f 

extent, for ma ormations. 

uced an sting analysis 

of the statements and ded ons 



are difficult to follow but this may be due to the 

translation rather than to fault on the part of the author@ 

The statement that the wings move downwards and forward 

at an angle to the Y axis is not clear 0 From general 

9 

observation it appears that the humerus moves very nearly in 

a plane with respect to the body and that the forward 

movement of the wing is confined to that part distal to the 

elbow" 

Steinbacher (1960) compares the sterni of various 

types of birds and discusses dynamic soaring and flapping 

flight (including that of Humming Birds) on the basis of 

known aerodynamics 0 Newman (1958) and Pennycuick (1960) 

were both interested in the gliding and soaring flight, 

the former with Black Vultures (Cor.agyps 8tr~-At~~) 

and t:he latter with Fulmar Petrels (Ful!!l§g'JJ~acialis). 

Raspet (1960) has some further remarks to add to his 

former paper (1950) on performance measurements of soaring 

birds using a glider in which to follow theme Berger 

and GBhde (1965) have shown, theoretically, that the 

albatross cannot make use of dynamic soaring at wind 

speeds belo'Vl 40 m@p"h@ unless it also extracts energy 

from the upward flowing air current at the face of the wave® 

Pennycuick and Parker (1966) produced some 

information on the structural limitations of Pigeons ° 

flig.ht muscles and a symposium edited by Evans (1966) 

gives some figures for the strength of bone and tendinous 



a 

s from a 

(1967) measured the s 

on S s winge 

5) (1968)~ amongst 

cnmm""'Y,r on 

Although 

speed and a t at 

birds fly. speeds quoted in the 

'terature well, maximum speeds are 

no means so cert 

From foregoing outline two significant 

s 

F t, considerable work has been done on the 

a:natomy wing and on ous modes of f ght" 

le or no attempt s made, so far as author 

i aware, to cons whole wing as a mechanical 

ceo servation a wing movement may misleading 

bLlt if joint structure, ,is studied in 1 

s on of whether a particular movement is 

11y pos b may be determined.. The feet 

one muse acting with may oduce quite a 

f movement that caused by each 

The s point concerns aerodynamic 

of a f b1e ,feathered wing. Of s 

too tt is now known, probably because the 

ext:ceme difficulty of measurement@ 



sides ng as a mp supporting s in the 

must capab of providi thrust, stabi 

antrol, braking, sibly act as a kind 

on oec ons Q 

To uee energy ui to a minimum, the 

fi cu ly when fulfilling the rst three 

fltnctions enumerated above, must be as high as possib 

ise on t aerodynamic sties the b 's 

'it/ing i lacki but om observation and ded 

on ( ck 1966, chapter 4 of present work) 

it a s that a er ficiency and lift coef cient 

by nature by any aircraft or g deI'" 

s is a field in whi very ttle investi on has been 

done but whi s te technical difficulties, must 

before the cture can be completed. 

fall ficatian is in t form 

wau be in 

1 4,,1 Strength-
=Cl:JIE:!l==';:U($UI('J'll=aa=""'~ 

The structure shall capab of orming all 

duties with a suffi margin of safety to survive 

all normal mis ures e 



12. 

4,,2 F lexi li 

The wing 11 with j giving 

am flexion and rotation to cover all configurations 

in lest pos 1e manner@ Provision 

11 be made for ng the area and a 0 for altering 

1 section wing., 

In certain ions, notably when fully , 
structure shall maintain its shape with the minimum 

of muscu s The joints shall be provided th 

i stops s fi ent to satisfy 

rements 

1.,4 4 

The 11 such as to suit the habitat 

of the creature~ s requi to fly in 

s s 11 short wide wings. Birds with a 

predominantly gliding or habit shall in 

1 a longer wing The as 

by tat g and 

s .. 

1.,4 .. 5 _~h~_~~~_ 
c:mClJl=_~""",= 

The bone structu,re as ght as is 

le th <I T 

be 1i renewab .. muscles shall be , 



concentrated, as as possible, close to the body 

to keep down heat loss and to reduce the 

moment of inertia of the wing about the shoulder 

1 4$6 Actuating mechanism: 
~~ ~~- -~- ~--=-----~~~ 

The musc s shall be so arranged that, whilst 

there is freedom for t?e several parts to move 

independent ly, there iss ficient interconnecti on 

for some movements to be semi-automatiC0 For examp 

contraction of MQ triceps shall straighten the elbow 

13 ~ 

and tend to extend the manus at the same time without, 

however, being directly connected to the latter. 

10407 General: 
---"""''''''''''''-.",.- ....,.""'" 

The whole wing shall be capable of folding close 

to the body when not use and extension shall 

automatically smooth and align the covering e 



F 1 : is inition and 

typical l.ift-drag curves .. 

(Jt ::= le of attack 

i ::= la of incidence 

if ::= camber ang 

D ::= force 

L ::= 1 t force 

R ant force 
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oil An aerodynamic shape 

Angle at The between 

a stream and the 

Ang of incidence The 1e between 

stream and the 

tangent to the camber 

pect ratio 

Axes 

Camber le 

Camber 

Ca 

Chord 

1 at the leading 

edge 

The ratio of wing 

length to mean chord 

(Span2/area) 

The 

shown 

erence axes are 

the x-z plane 

is horizontal 

The curvature of 

aerofoil datum line 

The angle between the 

tangents to the camber 

line at the leading and 

trailing edges 

The· aerofoil datum Line 

An arrangement of 

aerofoils in a manner 

shown in the diagram 

The length of 

line 

chord 

Fig: 1 

0/., Fig: 1 

i, 

c, 

Fig: 1 

Fig:2 

Fig: 1 

Fig: 1 

F :4{a) 

Fig: 1 



Chord Line 

Density (air) 

Dihedral 

Drag 

Drag coefficient 

Lift 

Lift coefficient 

Pitching moment 

Quarter pOint 

A line passing 

through the extreme 

points of the leading 

and trailing edges 

The angle between 

the wings in the y-z 

plane 

The force on the 

aerofoil parallel 

to'the direction of 
the undisturbed air 

flow (= CD~~ V2s) 

The force on the 

aerofoil normal to 

the direction of 

undisturbed air 

flow (= CL3zp V2s) 

The moment of the 

resultant 

aerodynamic force 
about the quarter 

point 

A point on the chord 

line 25% of the 

chord from the 

leading edge 

Reynolds number (= PVC) 
iJ. 

15'11 

Fig: 1 

D, Fig: 1 

L, Fig: 1 

Fig: 1 

Fig: 1 

R, 



Figure 2: 

Figure 3: 

Figure 4: 

Axes of reference 

Air flow over aerofoils 

a) showing streamlines 

b) showing breakdown of flow 

over upper surface 
c) highly cambered aerofoil 

at positive angle of attack 

and negative incidence 

d) section of wing close to 

shoulder (Col~Jls livia) 

a) Cascade of aerofoils 

b) Slot showing streamlines 
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Slot The space between 

a small auxiliary 

aerofoil and the 

main aerofoil (e.g. 

the bastard wing 

and the main wing Fig: 4(b) 

Stall 

Thrust 

Velocity (ft./sec.) 

Viscosity 

Wing area 

The separation of 

the streamline flow 

from the upper surface 

of the aerofoil 

The force produced 

in a forward 

direction 

Wing span (shoulder to tip) 

Fig: 3(b) 

Fig:2 

V, 

S, 

b, 

Note: The terms abduction and adduction will be used in 

the sense indicated in Fig:2. 

1.6 A Note_on Aerof2ils~ 

For a cambered aerofoil as shown in Fig:1 the angle 

of attack becomes several degrees negative before the lift 

fails to zero and the angle 'of incidence is less than the 

angle of attack.. With profiles such as (b) or (c), which 

are reflex aerofoils, there is little change in the pitch.ing 

moment as the angle of attack changes, the maximum lift 

occurs at approximately 150 and the minimum drag at 

approximately 



As the angle of attack is increased the point of 

separation, that is the point at which the flow ceases to 

follow the surface closely, moves forward over the upper 

surface and the drag increasese The reflex curvature tends 

to keep this separation point nearer to the trailing edge .. 

The lift and drag curves in Fig:l are based on those 

obtained by Eiffel (1913) for a nominal bird's wing and it 

is important that the maximum lift/drag ratio should be 

high in order to minimise power requirements. This maximum 

usually occurs at about 40 angle of attack. However, as is 

discussed below, the minimum power requirement is achieved 
)/2 

when CL /Cn is a maximum .. 

There is one matter concerning aerofoils noted by 

Curry (1928) and Aymar (1936) which reqUires some comment. 

Aymar quotes Lilienthal's experiments with streamers on the 

underside of a cambered aerofoil during which it was noted 

that, contrary to expectation, those towards the leading 

17 .. 

edge were blown forward. The author has, unfortunately, been 

unable to check this particular reference but the details of 

the aerofoil and the angle of attack need to be stated before 

meaning can be attached to this phenomena. 

For a cambered aerofoil the flow is, in general, that 

shown in Fig:3(a), provided that the angle of attack is not 

too great. If, however, the camber is very pronounced, 

towards the leading edge, as in Fig:3(c) or there is an 



eminence on the underside Fig:3(d), reverse flow may occur 

in certain circumstancese Fig:3(c) shows a highly cambered 

aerofoil at a small angle of attack and, because of this 

large camber, the angle of incidence has a considerable 

negative value. In these circumstances the flow cannot 

follow the under surface and forms an eddy as shown which, 

in turn, gives a reverse flow near the surface and is 

accompanied by increased drag. 

In Fig:3(d) an eddy is shown behind the ventral 

eminence and this shape corresponds to that of the pigeon's 

wing near the shoulder, Fig:27 section A. 

'''''f 1mh" 
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CHAPTE:;R II. 
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Plate II III _ ........ 

Wing skeletons 

a) Colwnba lj.via 

b) HemiRhaga~9vqe~e$Jlandiae 

c) ~us noyaehollan~ 

d) Larus dominicanus 
~ & - .. 

e) &!y~u:ee.fS ilj.9..9,aL12lattrhynch,y.,§ 

f) CygIl;u.e ...... atratus 
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2. 1 General: 

The structure of the bones and the general anatomy of 

the wing have been studied by many research workers and 

sufficient is known, therefore, to cover some of the 

requirements set out in the specification .. 

Pennycuick (1966) has 'shown that there is a large 

factor of safety in the strength of the bones and the muscle 

insertions and from recent work (Evans, 1966) it has been 

shown that tendon material (human) has a strength of about 

6 kgf./mm2 ,(8500 lbf./in2.). 

The bones correspond to the spar or spars in an aircraft 

wing and the aerofoil shape is completed by the muscles, skin 

and feathers .. 

Because of this the whole structure is extremely 

flexible and both the camber and plan form may be readily 

altered to meet the requirements of the moment. 

Since there are two schools of thought regarding the 

numbering of the digits a choice had to be made.. The system 

used will be II, III and 1V thus assuming that I has been 

incorporated in the extensor process of the carpometacarpus, 

(Fig :5) .. 



Figure:6 a) Details of second phalangeal 

joint (golumba) Antero-Ventral 

view 

Scale: x 10 

b) Geometry of joint 
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2.2 Arthr2wlogy: 

While the arrangement of the bones has been well 

studied and the general form of the joints discussed, 

details of the articular surfaces appear to be lacking .. 

Since the range of possible movements is prescribed by 

these articular surfaces it is necessary to cQnsider them 

in detail not only as regards the general pattern but also 

the variations with flight habit. 

In some cases the joints have been incorrectly 

described, notably the phalangeal joints. Chamberlain (1943) 

designates these as hinges but, as will be shown below, they 

have more the properties of ball and socket joints .. 

In order the better to appreciate the details of the 

joints, models of the bones of a pigeon'9 wing, ten times 

full size, were made. These were carved from wood and. the 

study of the dimensions and shape necessary to do this 'proved 

of great value. The fronticepiece is a photograph of these 

models. 

~~~:l_~~!~~2=~: 
The articular surfaces 'of the first and second 

phalanges of digit III are shown in Fig:6(a) which is 

an antero-ventral view of the phalanges of Columba. 

Posteriorly there is a partly toroidal condyle on 

phalanx 1, (A), over which fits the socket (B) 

in the proximal face of phalanx 2. The face (C) is 

conical in form, the axis of the cone lying in a 



plane at right angles to the axis of the first 

phalanx. The geometry of the condyle is illustrated 

in Fig:6(b) and it consists essentially of part of a 

tore or anchor ring. This form of joint allows the 

second phalanx to rotate to some extent since the 

socket slides round the tore and, at the same time it 

is sLightly raised or lowered due to the fact that 

the plane of the tore is inclined to the axis of the 

joint. The conical face not only guides this movement 

but prevents the phalanx from flexing forward. There 

is, however, sufficient flexibility in the anterior 

ligaments to allow posterior movement when SUbjected 

21. 

to an exterior force. The flexing produced by muscular 

action (chiefly by M interosseus palmaris) is sLight 

and the flexing produced by external forces is a 

safety feature to prevent mechanical damage. From 

the above analysis it will be seen that the joint is 

not primarily a hinge. The socket B is more spherical 

than the condyle A and the difference is bridged by 

the joint cartilage. 

Comparative Data: 



Figure:7 

Figure:8 

Figure:9 

Second phalangeal joint (Larus B2vaehollandiJL~) 

Antero-Ventral view 

Second phalangeal joint (Anas) 

Comparison between distal ends of first 

phalanges of (Cygnus) and (Anas). Dorsal 

view 

Scale x 10 
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Columba Livia - The condyle (A, Fig:6(a» is 

quite prominent and has a small radius in the 

plane of the bone.. This latter enables 

considerable flexing to take place without 

greatly straining the anterior ligament. The 

angular movement possible is of the order of 

100 
- 150 although the exact amount is 

difficult to determine. 

Hemiphaga, novaeseelandiae - There is little 

difference, except in size, between this and 

Columba. 

Anas su~rci1iosalRlatyrhynchus (Fig:8) - The 

condyle G is as prominent as in the pigeon but 

the posterior extension (Fig:9(b» is 

considerably shorter. 

~Ya atratus - Similar to ~ but extension 

G is slightly longer (Fig:9(a». The 

anterio-ventral process E (Fig:6(a» is more 

pronounced and the latter, in conjunction with 

the process F on phalanx 2, serves to limit 

the clockwise rotation at this joint. F and E 

lock in a far more positive manner than they 

qo in the case of the pigeon. 

22~ 



Figure: 10 First phalangeal jOint - Cglumba 

Antero-Ventral view 

A insertion point of M.abductor 

indicis 

B Process with groove for tendon 

of M.extensor indicis longus 

CAntero-ventral prominence 

D Condyle for digit IV 

Scale: x 10 
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much 

longer 

(F 

pronounced 

1 .. 

• '7iJ " • ,fI 

no 

mid-way between the dorsal and ventral edges 

on this face and rotary motion sever 

the posterior 

extension G pronounced. 

Larus dominicanus - This is almost the same as 

that of Larus novaehollandiae, the only 

difference of any note being that the 

antera -ventral process E is much more prominent 

2 .. 2.2 Carpometacarpus-phalangeal joint: ---------------------------------Fig:l0 is an antero-ventral view of the 

carpometacarpus and fi~st phalanx of digit III of 

Columba, the phalanx being on the left.. In Figs:l1 - 16 

inclusive (a) is the proximal face of phalanx 1, 

(b) is the distal face of the carpometacarpus 

and (c) is the joint viewed in the direction of 

the arrow, phalanx to the left. The condyle and 

anterior surfaces for phalanx 1, digit III, are similar 

in form to the joint described above but there is the 

additional condyle, D Fig:l0, for the phalanx of 

digit N.. The latter acts as a support for digit III 

since it is closely attached to it bya ligament .. 

Phalanx 1, digit III, is able to rotate slightly and 



Figure: 11 First phalangeal joint Colwnba 

Figure: 12 First phalangeal joint Hemiphaga 

In both figures:-

(a) Proximal face of first phalanx 

(b) Distal face of carpometacarpus 

(c) Joint viewed in direction of arrow 

Scale: x 10 



a 

Fig.11 

Fig.12 
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at same ~ moves IL" 

marmer to c se at 

first s d s f 

of the former can only be slight but 

is not iab res pha 

d serves as a brace flexing d 

a 0 to support the bases of some 

ies. 

Comparative Data: 

- The general form is il 

in Fig: 10, 11 and the condyle for dig IV 

shown at D. The process A for the insert 

M. abductorind is while the tendon of M .. extens 

ind is longus runs in the groove at B" 

(F :12) - The form 

is very 1 that of but the 

surface the phalanx is flatter in 

Also the anterior view (c) the 

process A is not so pronounced .. 

(Fig: 13) -

processes Band C are prominent and cons 

rotation, accompanied by downward flexing 

poss le" The depth of the first 

phalanx compared with the distal end of the 

carpometacarpus is worthy of note, since 



Figure: 13 First phalangeal joint Anas 

Figure: 14 First phalangeal joint 

Scale: x 10 
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shape 

ment .bVUC\,t 

and 

t 

: 15) - 1 

ers markedly from the four types 

Process A 

with two d 

. increased in s 

lobes, the more 

serv as the insertion point for 

M.extensor digitorum communis. It also projects 

cons ly below the joint thus giving 

leverage to Me abductor indicis.. B is prominent 

but the groove for 

dorsa is not c 

considerably in 

tendon of M. interosseus 

ly marked. C is extended 

antero~ventral sense and 

locks with A at the limit of rotation in the 

supinat sense .. 

(F : 16) Similar to .--..;;;;..;;ii ... 

in many respects but A does not 

lock with C and the of the carpometac 

narrower .. 
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F 15 F t phalangeal joint 

Figure: 16 F langeal joint = 

Sea x 10 



Figure: 17 Wrist joint Columba 

A,B Attachment points of intercarpal 

cartilage 

C,D Bearing faces for carpometacarpus 

E Bearing face of carpometacarpus 

F,G Attachment points for ulnare 

carpometacarpal ligament 

H Groove for tendon of M.extensor 

metacarpi ulnaris 

J Groove for tendons of MeM. extensor 

indicis longus and extensor digitorum 

communis 

K Extensor process of carpometacarpus 

Scale: x 10 
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2 .. 2 .. 3 Wrist: 

The components of the wrist joint Columba are 

shown in Fig:17, the upper figure being a view from 

above and in front and the lower viewed from below 

and behind. The assembled joint is shown in Fig: 18. 

As will be appreciated, there are two sets of articular 

surfaces, namely, that between the radius and ulna and 

the linked carpals, and that between the carpals and 

the carpometacarpus. The two carpals, the os radiale 

and os ulnare, are joined between A and B (Fig:17) by 

cartilage so that they move as a unit over the distal 

face of the ulna. This movement is not great and is 

brought about by the slight adjustment of the radius 

which takes place as the elbow is flexed or extended .. 

There is no locking of the manus in the fully flexed 

position by the projection of the radius, as is 

sometimes stated. 

In the extended position the root of the 

extensor process, K, of the metacarpus tends to lock 

down on the antero-distal edge of the os radiale, 

aided by M.obliquus, so that the joint attains some 

degree of rig,idity. 

The metacarpal face, E, rides on the curved 

face C of the os radiale and the process D of the 

os ulnare as well as on the articular cartilage 

joining them.. As the manus is flexed the metacarpal 

face slides along the os radiale in the dorsal 



18 jo 

Ie: x 4 

s - t, extended wing 

Right, lded wing 

(From X- photographs) 

K ligament 

L tendon of M.flexor carpi 

ulnaris 
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allow a wide movement to the manus It may 

be its axis and also flexed downwards 

so that, at of the down stroke in fully 

flapping flight, it may reach a position such that 

the plane of outer wing is vert 1 and parallel 

to the plane.. Flexing and rotation at the elbow 

joint aids attaining this latter ition" 

Between the os ulnare at F and "the process G 

the carpometacarpus there is a ligament (K) Fig:18) 

which allows some re ive lateral movement of 

two parts as well as the rotation required during 

flexing 

The as ulnare acts as a powerf reinforcement 

against upward flexing of the manus.. The tendon of 

M.f carpi ulnaris (L, F :18) braces the ulnare 

and force transferred to the manus through the 

ligament K. addltion this linkage, in conjunction 

wi other muscles, may be to lower, flex and 

supinate the manus@ 

Comparatively there are no very marked 

d erences, other than in s ,between the six 

spec sunder st ion in this work. There are 



F 19 Elbow jo ColYffiba 

Scale: x 5 

Insets Left, wing 

Right, folded wing 

(From photographs) 

Scale: f"s" 
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minor differences in shape and proportions;) the 

most notable being the groove in, and the projection 

of the process G (Fig:17). Part of the latter acts 

as a pulley for the tendon of M.flexor digitorum 

profundus while the tendon of Moflexor sublimus runs 

posteriorly round os ulnare. The insets at the 

top of Fig: 18 show, on the left, the position with 

the wing extended and, on the right, with the wing 

folded. These drawings are taken from X-ray 

photographs .. 

2 .. 2,,4 Elbow: 

The elbow general, a hinge joint but 

there is some degree of freedom of rotation under 

certain circumstances.. The inferior condyle (A, Fig: 19) 

of the humerus forms a ball and socket joint with the 

ulna (B) and the olecranon process, C, serVes as a 

stop to limit the extensor movement. 

The superior condyle, D, has an elongated form 

and on this the proximal end of the radius, E, rides .. 

This elongated form causes the forearm to drop below 

the humerus when the wing is folded .. 

This joint must withstand considerable bending 

and twisting loads and, consequently, is deep and wide 

with strong ligaments. 

In the species discussed there is little 

variation except in size. The insets at the bottom of 
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Fig:19 are the elbow po corresponding with 

the wrist positions of F :18~ 

Apart from difference in relative lengths of the bones 

and in the joint details the most notable variation is in the 

ulna-radius relationshipa (Plate II). 

In the cases of the pigeons and duck both the radius 

and ulna are stout bones and there is considerable curvature 

of the latter. The opening between them is approximately 8% 

of the length of the ulna whereas in the case of Larus 

novaeh21landia~ it is less than 5%. 

The chief muscles operating the manus, apart from 

M .. extensor metacarpi radialis, are accommodated in this space 

and the wide opening developed in the strongly flapping 

species allows for the heavy muscles required .. 

Table I below shows the comparative lengths of the 

main wing bones on the' basis of the humerus being unity .. 

Dimension a the maximum distance between the radius and 

ulna and b is the maximum width of the opel1:ing in the 

carpometacarpus .. 



A 

(6) 1 .. 15 0 0 0,,37 0.43 ,,088 ,,066 

Hemiphaga (2) 
novaeseeland 1" 11 0&62 0.302 0.26 O. 11 ,,057 

Anas (3) 

supercil a 0.84 0,,6 0.23 Om 1 9 .. 04 ,,062 ,,023 

Cygnus (3) 

atratus 0.95 0 .. 46 O. 19 0" 14 ,,04 ,,033 .01 

Larus (4) 

novaehollandiae 1.. 12 0 .. 609 0 .. 311 0 .. 275 ,,053 ,,028 

Larus (3) 

dominicanus 1 .. 12 0 .. 56 0 .. 27 ,,023 .. 057 ,,026 
""M:O~ 

NOTE: The above must not be regarded as a final and 

conclus average as the number of samples 

(figures in brackets) is not .. They are 

quoted only to indicate tendenc .. 
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3.. MYOLOOY .. 

3 .. 1 General: 

Whilst the main muscles appear in all flying species, 

the proportions vary considerably with both the wing size and 

mode of flight. A muscle may appear not to occur in certain 

species but at least in some cases, it may be present with a 

difference of origin or insertion which makes identification 

difficult.. As an example, M .. flexor digitorum sublimus is 

described by Berger (1954) in three genera of American cuckoos 

and has been identified by him, with a different insertion, in 

the pigeon.. It has, however, been described elsewhere as the 

pars anterior of M.flexor carpi ulnaris and it cannot be 

identified with any of the muscles listed by Chamberlain .. 

Again, M.flexor carpi ulnaris is a single muscle in the pigeon 

but in Cygnus atJ;~~ there is,in addition,a strong tendinous 

strap running between the same points and having a small 

pennate muscle at its distal end, this muscle arises on the 

distal end of the ulna .. 

The muscles and tendons serve two purposes in that 

they position the parts of the wing as required and also may 

act as bracings to resist the aerodynamic forces developed 

during flight.. For instance the tendon of M.tensor patagii 

longus forms the leading edge support for the inner wing and 

keeps this reasonably taut when the elbow is partly flexed .. 



The magnitude and type of loading imposed on the joints 

will be discussed in a later chapter. Suffice it to note 

here that the precise location of the points of origin and 

insertion and the path taken by the tendons are governed by 

the two requirements above mentioned and their relative 

importance .. 

In discussing the myology it is perhaps unfortunate, 

as stated in the introduction, that a standard nomenclature 

has not been adopted. From the point of view of this work 

a system based on function and origin would have been more 

applicable and the anomaly of a muscle being designated 

flexor when in fact it acts as an extensor would have been 

avoided. 

Since there are a number of cases where muscles have 

several different names the system adopted here is based on 

that given by Berger and George (1966) .. 

2 

In the following list of muscles the points of origin 

and insertion are given for the sake of completeness although 

they are, of course, very ~ell documented in the literature. 

During the dissections, particular care was taken to note as 

exactly as possible the route followed by the tendons and the 

points of insertion. 



Figure: 20 Muscle runs 

1 M.extensor indicis longus 

2 M .. interosseus palmaris 

3 M.interosseus dorsalis 

4 M.flexor digitorum profundus 

5 M.extensor digitorum communis 

6 M .. flexor digiti N 

7 M .. abductor indicis 

8 M.flexor metacarpi posterior 

9 M .. extensor metacarpi ulnaris 

10 M"adductor pollicis 

11 M.abductor pollicis 

12 M.flexor pollicis 

13 M"extensor pollicis brevis 

14 M .. extensor pollicis longus 

15 M.extensor metacarpi radialis 

16 M.flexor obliquus 

17 M"flexor carpi ulnaris 

18 M .. flexor digitorum sublimus 

19 M.supinator brevis 

20 M .. pronator profundus 

21 M .. pronator superficialis 





3.2 List of muscles: 

The muscles are numbered approximately in their 

order of insertion beginning at the distal end of digit 

III. Since the movement of the wing in f Light is being 

considered the origin, insertion and run, or path, 

followed by the tendon is more important than particulars 

of the muscle belly. 

The list of muscles, with their numbers, is given 

below and the general arrangement shown in Fig:20 e 

DORSAL 
1. M.extensor indicis longus 

3. M.interosseus dorsalis 

5. M.extensor digitorum communis 

6. M.flexor digiti IV 

8. M.flexor metacarpi posterior 

9. M.extensor metacarpi ulnaris 

13. M.extensor pollicis brevis 

14. M.extensor pollicis longus 

15. M.extensor metacarpi radialis 

VENTRAL 
2. M.interosseus palmaris 

4. ,M.flexor digitorum profundus 

7. M.abductor indicis 

10. M.adductor pollicis 

11. M.abductor pollicis 

12. M.flexor pollicis 

33. 



Figure: 21 Manus and muscles 

Figure: 22 Manus and muscles 

1 M .. extensor indicis longus 

2 M .. interosseus palmaris 

3 M .. interosseus dorsalis 

4 M .. flexor digitorum profundus 

5 M .. extensor digitorum communis 

6 M .. flexor digiti IV 

7 M .. abductor indicis 

8 M"flexor metacarpi posterior 

9 M"extensor metacarpi ulnaris 

10 M"adductor pollicis 

11 M .. abductor pollicis 

12 M .. flexor pollicis 

13 M .. extensor pollicis brevis 

14 M.extensor pollicis longus 

15 M.extensor metacarpi radialis 

18 M .. flexor digitorum sublimus 





Figure: 23 Manus and muscles 

Figure: 24 Manus and muscles Hemiphaga 

1 M.extensor indicis longus 

2 M.interosseus palmaris 

3 M.interossous dorsalis 

4 M.flexor digitorum profundus 
5 M.extensor digitorum communis 

18 M.flexor digitorum sublimus 
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Figure: 25 Manus and muscles Larus novaehollandiae _ a:::::;u: .. IJ 'f~ 

1 M.extensor indicis longus 

4 M.flexor digitorum profundus 

5 M.extensor digitorum communis 

18 M.flexor digitorum sublimus 



/ 

.-

Fig- 25 



Figure: 26 

1 

4 

5 

9 

14 

15 

16 

17 

18 

T.p.l. 

Tendons at wrist 

M .. extensor indicis longus 

Meflexor digitorum profundus 

M.extensQr digitorum communis 

M.extensor metacarpi ulnaris 

M"extensor pollicis Longus 

M.extensor metacarpi radialis 

M .. flexor obliquus 

M.flexorcarpi ulnaris 

M .. flexor digitorum subLimus 

M.tensor patagii longus 



5 

17 

Fig.26 



16. M.flexor obliquus 

17. M.flexor carpi ulnaris 

18 .. M .. f lexor digitorum sublimus 

19. M.supinator brevis 

20. Me pronator profundu's 

21. M.pronator superficialis 

Figs: 21 - 25 represent dorsal, anterior and ventral 

views of the manus skeleton of five species in the order 

.!j§miphaga n.QYaeseelandi9-~; 

~"~.§.. __ sqp~rcil:i,.qs,€l ; 

Cygnus atrat,u%,;. 

Larus novaehollandiae. _li: .... !iiii£lO:4iiUZmr:::zIIIIIF= i$44f&'3 

Larus dominicanlJ..,§ being almost the same as Larus 

novaehollandiae, is not drawn separately. Fig:26 

illustrates the runs of the tendons round the wrist. 

The origin is on the posterior surface of the 

radius and the insertion on the extensor process of 

the second phalanx of digit III. 

~~_~~_~~~~~~: After passing round the distal end of 

the ulna the tendon passes under that 

34. 

of M.extensor digitorum communis, along 

the dorsal surface of the carpometacarpus, 

tending anterior towards the distal ~nd, 



Action: 

35 .. 

and crossing over the tendon of 

M .. extensor digitorum communis" It 

then passes along the anterior face 

of phalanx 1 digit III to insert on 

the extensor process of phalanx 2 • 

.In Q.Q.l.umb a , Larus novaehollandiae __ ~ .............. l1li_·-liliiii __ 

and Larus dominicanus there is little 
... ...." 4a~~ biiiL 

difference except that in Columba there 

is a sesamoid bone at the first 

phalangeal joint!' ~iRhaga has a 

variation in that a small branch splits 

off near the base of the pollex and 

inserts on phalanx 1, digit III close 

to the insertion of M.abductor indicis .. 

In Anas and Cygnus, after insertion on 

phalanx 2 the tendon continues distad to 
I 

insert of phalanx 3 .. 

Besides bracing digit III forward the 

muscle tends to supinate phalanx 2 to 

a greater or lesser degree in all but 

Anas ,; Th.is muscle will restrict flexing 

of the digit when the angle of attack is 

small or negative .. 

M,interos~eus palmaris (2) 

The origin is on the facing surfaces of the 

bones bounding the intermetacarpal space on the ventral 
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side and the insertion is on the post-ventral edge 

of phalanx 2 distal to the joint. 

Run of tendon: Dorsad over the base of digit IV and -------------

Action: 

along the posterior dorsal edge of 

phalanx 1, digit III.. In ~ and 

Cygnus the tendon continues, after 

insertion on phalanx 2 to an insertion 

on phalanx 3" 

Draws phalanx 2 (and 3 in ~ and Cygn~§) 

posteriorly. In conjunction with 

M .. flexor digitorum profundus, when the 

latter is contracted, it causes a 

slight pronation of the distal phalanx 

or phalanges. It will help to brace the 

phalanx when there is a forward force 

produced during the up stroke of the 

wing or at high angles of attack .. 

!:h.iPterosseus dO..F§..elis (3) 

The origin is superficial to M.interosseus palmaris 

and inserts on post.-dorsal corner of phalanx 2 .. 

Run of tendon: In the groove in the posterior edge of 
.... ----- .... ------

the dorsal ridge of phalanx 1 and 

continues distad under the posterior 

lip of this ridge. There is little 

difference in the six species .. 

Action: Except in ~ and Cygnus the muscle 
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to supinate distal phalanx, 

part ularly conjunction with 

M flexor' digitorum profundus.. In,;;.;;;;;,;;~ 

and the tendency is to pronate 

in conjunction with Meextensor indicis 

longus e This muse helps to brace the 

distal phalanx against down loads on 

the f primary .. 

(4) 

This the med lis extensor digiti muscle 

Chamberlain and, in v of s action, extensor is 

a better name than flexor .. 

The origin is on the imal ventral surface 

the ulna and insertion on antero-ventral 

process phalanx 2 .. 

Run of tendon: The tendon runs round the ventral 

process of the carpometacarpus, 

med lly along metacarpal III and 

ventral to the anter ridge of 

phalanx 1, digit III in all six species" 

In and £,y'wl!§ there a 

continUation, after insertion on 

phalanx 2, to the distal phalanx. 

Action: s digit III pronates phalanx 

2e The pronation effect is small in 

and ~.&.n..!:!§" In add ion to the 
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combined action in conjWlct with 

other muscles noted above this muscle 

acts with M"extensor ind longus 

bracing the digit against backward 

bending the plane of the hand and 

against upward flexing due to loading 

on the primaries" 

M, eAtensor di.£it.orum .. com.munis (5) 

This has its or in on the lateral epicondyle 

of the humerus and inserts (i) on the proximal dorsal 

edge of the pollex close to the joint and (ii) on 

proximal end of phalanx 1, digit " The point of 

insertion on phalanx 1 varies considerably with the 

species .. 

Run of tendon: Round the dorsal epicondylar eminence ----------.... --
on the distal end of the ulna and dis 

along the dorsal of the 

carpometacarpus and near the pollex a 

branch tendon rWlS off to insert on 

base of the post dorsal edge of the 

latter" Both tendons are superior to 

that of M.extensor indicis longus at 

this point.. In ~~~~, at the d tal 

end of metacarpal 1 the tendon turns 

posterior, underneath the tendon of 

M.extensor indic longus, to insert 
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posteriorly on phalanx 1, digit III. 

In the other five species the tendon 

turns more anteriorly. 

Action: Causes pronation of phalanx 1, digit III 

in and, supination in the other 

clS.ses.. It also braces digit III against 

pronation during the up stroke of 

Columba. The branch to the pollex 

adducts' the latter and may cause some 

supination .. 

lhf~xor di,gitorum IV (6) 

The origin on the posterior face of 

metacarpal IV and the insertion on the posterior edge 

of digit IV. The action is to flex digit IV (or to 

brace it against forward forces) and with it phalanx 1, 

digit III, because of the close attachment of the 

distal end of the former to the latter. There is 

little variation between the species and they are 

therefore not listed separately. 

Originates on the antero-ventral surface of 

metacarpal III and inserts on the anterior process of 

phalanx 1 digit III. The action is to extend and 

brace forward phalanx 1 digit III and to pronate 

slightly.. Apart from the fact that this muscle is 
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very small in ~rus novaes@~l~ndiae there is little 

difference between species .. 

M,flexoE mes.~~-post~2f (8) 

The origin is on the dorsal side of the ulna 

towards the distal end and the main insertion on the 

posterior surface of metacarpal IV. There also an 

insertion in the fascia at the base of the proximal 

primaries. Again, there is little difference between 

the species and the action is to flex or brace the 

manus. If flexing be prevented by the extensor muscles 

it will tend to open the primaries and may have a 

slight pronating effect .. 

~,extensor metacar~i ~lnar~~ (9)(M.flexor metacarpi 

The origin is on the lateral epicondyle radialis) 

of the humerus" In some cases there is an aponeurotic 

connection to the dorso-proximal end of the ulna. The 

tendon inserts on the posterior surface of metacarpal 

IJI1. .. 

There is considerable confusion in the naming of 

this muscle and the'above is that adopted by Berger 

(1966) e 

Run of tendon: 
.... _----------- Round the dorsal epicondylar eminence 

on the distal end of the ulna 

posterior to the tendon of M.extensor 

digitorum communis and passes 



so~'ventrally to all 

posterior s of 

Action: Causes manus 

be held and 

downward loads a 

effect may cause flexion of manus 

(10) 

Or s on the me'cacar 1 

III close to met 1 s on the 

surface of the pol " s the a 

closes the s and is s in a spec 

The origin on the of of 

M"extensor metacarpi lis and s on 

antero-ventral of the pollex" It abducts the 

a and s anter The mllSC var 

somewhat detail from s s but the 

1 arrangement is lar@ 

(12) 

or in is at base of carpus and on 

sheath surrounding Meflexor digitorum undus 

the is on tero~ventral corner 

of the 1 " 
This muscle tends to adduct the 

pol and also acts as a brace against upward 

movement when slot is 



M, extens.9..F .. Rollicis previs (13) 

Arises on metacarpals II and III and inserts 

antero-dorsally on the base of the pollex. It 

abducts the pollex and, if M"flexor polLicis be 

relaxed, tends to raise it. 

~ .. extensor_.Rollicis lO}1~H.~ (14) 

The origin is two-fold, one being on the 

proximal ventral surface of the ulna and the other 

in a similar position on the radius. The insertion 

is on the extensor process of the carpometacarpus 

42. 

close to the tendon of M. extensor metacarpi radiaLis .. 

Run of tendon: Over the distal end of the radius in 

a shallow groove toa wide insertion 

on the extensor process of the 

carpometacarpus. 

Action: Extends the manus when the elbow is 

flexed .. 

~extepsor metacarpi rapl~ (15) 

The origin is on the lateral ectepicondylar 

process of the humerus and the insertion on the 

extensor process of the carpometacarpus .. 

Run of tendon: Adjacent to tendon of M.extensor _ ..... _--------- ..... 

pollicis longus over the distal end 

of the radius. 
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Action: A powerful extensor of the manus. 

Because the origin is on the humerus 

some distance from the hinge point of 

the elbow~ straightening of the latter 

places the muscle in tension and 

automatically extends the manus. 

~.exte~sor obliguus (16) 

This muscle is variously known as 

M .. ulnimetacarpalis ventraLis and M. flexor carpi 

ulnaris brevis .. 

The origin is on the ventral surface of the 

ulna towards the distal end and the insertion on the 

dorsal surface of the carpometacarpus close to the 

root of the extensor process. The tendon runs 

obliquely upwards over the face of the os radiale 

and the muscle exerts a strong pronating force on the 

manus" With the wing fully extended the wrist joint 

will be held in a comparatively rigid state by the 

pull of this tendon and it will resist supination 

when the load on the manus is downward. 

M,flexor...,£arpi ulnaris.(17) 

The origin is on the medial epicondyle of the 

humerus and the insertion on the proximal end of the 

os ulnare. The muscle and tendon lie on the ventral 

face of the ulna (see Fig:20,anterior) and therefore 



tends to prevent upward bending at the elbow. 

Contraction of the muscle flexes the manus through 

inward movement of the ulnare. If, however, the 

manus is braced by the extensor muscles there will 

be a supinating force when M.flexor carpi ulnaris 

is contracted .. 

!:la.flexor digitorum sublimus (18) 

Also known as M.flexor digitorum superficialis 

As noted in paragraph 3.1 above, there is considerable 

variation in this muscle, more particularly in the 

insertion. The origin is on the medial epicondyle 

of the humerus. 

Run of tendon: In Columb~ and Hemi~haga the tendon 
------------- » 

divides into a number of small branches. 

One passes round the base of the 

os ulnare into the manus where it 

fuses into the fascia on the base of 

some of the primaries.. Another branch 

leads into the fascia surrounding the 

base of the pollex. 

In Hemi~haga one branch continues 

parallel to the tendon of M.flexor 

digitorum profundus and fuses with it 

near the first phalangeal jointo 

In the other four species a single 

tendon runs round the base of the 

os ulnare and then follows that of 



M.flexor digitorum profundus to 

insert on phalanx 2, digit III 

adjacent to the insertion of the 

latter. In ~ there is a small 

insertion on the fascia surrounding 

the first phalangeal joint. 

M,supinator brevis (19) 

The origin is on the humerus adjacent to the 

origin of M,extensor digitorum communis and the 

insertion is on the anterior surface of the radius, 

This muscle is able to apply a considerable twisting 

moment to the radius thereby supinating the wrist. 

It is also of extreme importance during the down stroke 

as it resists the pronating moment of the aerodynamic 

forces on the wing distal to the elbow, 

M,pronator profundus (longusl(20) 

The origin is on the medial epicondyle of the 

humerus adjacent to the origin of M.flexor digitorum 

sublimus and the insertion on the post-ventral surface 

of the radius, Pronates the fore-arm and resists the 

supinating moment due to aerodynamic forces during 

up stroke, 

M,pronator superficialis (brevis)(21) 

Arises on the epicondylar eminence proximal to 

the origin of M.pronator profundus and inserts on the 



antero-ventral surface of the radius. Pronates the 

fore-arm. 

The relative positions of insertion of the two 

pronator muscles vary somewhat in different species 

but their actions are the same. It will be noted 

from a study of Fig:20 that these muscles brace the 

fore-arm against upward bending in addition to the 

function mentioned above. 

46. 
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GEOMETRY AND FORCES. 
filIiIICI# ;;s:wct ilL 

Since the wing shape varies so much with the spec 
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is not easy to make general statements about the geometry .. 

However there are some approximations which may be applied 

to particular groups. 

In strongly flapping birds the manus is considerably 

longer than the inner wing and the distance from the wrist 

to the end of the distal phalanx of digit III is 

considerably less than half the length of the manus e In 

901umq~lw~vi~ and ~miphaga P,9vaeseelandiae the proportions 

are similar and in the former one sample gives:-

manus/inner wing 

manus/hand bones 

3.5 

3 .. 2 

For 1.§tr.u§_ domin_;can~ the ratio of manus .to inner 

wing is considerably less while the ratio of the manus to 

the hand bones is not very different:-

manus/inner wing 1 .. 75 

manus/hand bones 3 .. 0 

A general comparison of the skeletons of the six 

species is shown in Plate II. It must be borne in mind, 

however, that these are photographs of dry bones 

reconstructed and are not, therefore, exactly as they would 

be in nature. 



Figure: 27 Wing and Axes 

Wing sections 

Resultant centre of pressure thus @ 
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Figure: 28 Wing and Axes 

Resultant centre of pressure thus ~ 
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A particular point is that in the natural state, 

the angle between the humerus and the fore-arm is more 

acute in the strongly flapping species .. 

4 .. 2 

Fig:27 shows the extended wing of Columba li~ia 

5/8ths full size and Fig:28 the extended wing of Larus 

dominicanus 1/3rd full size. Both figures were constructed 

from tracings of the outline and X-ray photographs. 

Fig:27 also shows the approximate cross section of 

the wing at various points" These were obtained by investing 

a deep-frozen wing in plaster-of-paris and sawing it into 

strips when thoroughly set.. From the time of the initial 

set of the plaster until cutting took place the block was 

kept frozen. 

The main axis of reference, Z, is chosen to pass 

through the centre of the condyle on the head of the humerus, 

point 0, and the extreme tip of the wing" The X axis is at 

right angles to Z through 0 and the section planes are 

parallel to XOXe Zl passe~ through 0 and the centre of the 

elbow jOint, Z2, through the centres of the elbow and wrist 

joints and Z3 through the centre of the wrist joint and the 

tip of the distal phalanx of digit III. 

The subsidiary axes Zl, Z2 and Z3 are chosen in order 

to evaluate ,the moments at the wrist and elbow.. Since the 



Figure: 29 Loading diagrams 



R 

Columba livia 
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wing assumed to be fixed these moments will give a 

measure of the forces required to maintain position and 

shape .. 

4 .. 3 Loading. 

There is no known method at present for measuring 

the forces on a bird's wing during flight. All that is 

d inite is the total weight and the wing area and even 
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the latter can only be obtain~d by assuming a part ular 

extension.. For this reason a hypothetical span-wise loading 

has been constructed (Fig:29) based on the meagre information 

available.. From this the moments and joint loading may be 

calculated and these are probably a reasonable approximation 

to the actual values" 

The conditions chosen are those for the bird gliding 

in still air at a constant speed of 30 m.p"h. with the wings 

rigid and parallel to the Z axis of Fig:2.. The curves 

chosen are shown in Fig:29 and, apart from some minor 

adjustments made in order to smooth them, and adjust the 

position of the centre of pressure, are as originally 

sketched by eye. has been assumed that each wing 

supports half the weight of the bird, which it is believed, 

results in a higher loading than will occur in practice .. 

The reason for the. latter statement being that some lift 

may be expected from the body and tail, even when this 

latter is closed .. 



The three considerations governing shape of 

curve are:= 

i) The centre of lift (C will as close to the 

body as possible in order to reduce the load on 

the pectoral muscles, which must carry the body 

weight .. 

) The primaries show no s of bending which 

indicates that the load on them is small .. 

iii) The lift coeff ient, CL ) calculated from the 

loading, must not be unrealistically large at 

any point .. 

The first point is obvious and is consistent with the 

general prov ions of nature whereby any normal action is 

performed with the minimum of effort .. 

The second point follows from the first and confirmed 

by photographs and observation. 

The third point constitutes a check. While it seems 

probable that the lift coefficients of birds· wings are 

considerably higher than those of normal man-made aerofoi1s 

they could not be expected to have a maximum much over 3, 

(Pennycuick 1966) if indeed this figure could be reached .. 

The deduced angles of attack vary from o -2,,5 at the 

t to lO.Sohalf way between the wrist and elbow in the case 
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of and from ~2@ to 3. near the elbow in case 

of 

Append I gives the details of the calculations, 

suff here to tabulate the main results@ In Table II 

the moments M(Z), M(Zl), M(Z2), and M(Z3) are considered 

to be positive if they tend to pronate the wing. 

The following table gives the principal moments in 

un s of grams force x centimetres, (gf.cm.) s e is 

consistent with engineering practice. It may be noted that, 

by measurement, the supinators of the human arm are able to 

apply a moment of about 100,000 of gf.cm. 

COLUMBA 
~-~-~ ~I"--=-"-

Length of wing cm. 30 

of wing cm. 262 

Total load g. 150 

x cm. 6.5 

z em. 0.57 

CL (average) 1. 16 
M(X) gf.em. 968 

M(X1 ) gfocm. 420 (0.43) 

M(Z) .cm. ,- 35 .. 7 (0.04) 

M(Zl) gf.cm. -282 (0.29) 

M(Z2) gf.cm. 294 (0 .. 30) 

M(Z3) gf cm. 114 (0. 12) 
~ -

--
LARUS DOMINIC ANUS 

) 
) 
) 

-

---
62.5 

757 
371 

14.5 

0 .. 85 

0 .. 99 

5358 

1735 (0 

-318 (0 

400 (0 

161 (0 
" 

.32) 

.06) 

.07) 

.03) 
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the above table, M(X) is the total moment at the 

shoulder about XX and M(Xl) the moment at the elbow about 

an ax llel to XX. The values of x and z are the 

distances the resultant centre of pressure, CP, from 

the X Z axes respect 

OZl axes coincide, hence the single value for 

M(Z) M(Zl). The figures in brackets s the 

moments as a fraction of M(X). 

The wing is divided into strips for ca ulating the 

moments and the load assumed to be applied at the quarter 

po which, as pointed out above, is reasonable for this 

aerofoil. This assumption is only 1 ly to be 

iably in error near the wing tip where the angle of 

att is small or negative and the camber slight. 

4.4 Forces. 

4.4. 1 Elbow: 

The elbow is considered as a hinge joint of 

effective depth d between the upper and lower bearings 

(Fig:30). Of the forces on the lower bearing Fig:31 P(Zl) 

and P(Xl) are the 'pulls due to M(Zl) and M(Xl) 

respectively and whilst P(R) is the resultant pull 

peS) is the shear force due to the total load outboard 

of the joint and is the force tending to slide the 

forearm upwards with respect to the humerus. e is 

the angle between Zl and Z2 and ~ the angle the 

resultant makes with Zl. 



F 30 joint 

F ure: 31 Forces on elbow jo 

F 32 Forces on wrist jo 

(a) Columba 

(b) Larus 

(a) Columba 
-'II~ 

(b) Lar.l!§. 
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~cm. 
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gm.force 
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force 
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420 
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1 

Fig: 31 forces are shown and (a) 

The forces are :ces ted by ligaments 

by the muscles ar on ventral 

humerus 

4 .. 4 .. 2 Forearm: 

forearm is sub to a onsiderab 

ive moment, M 2) and is 118 to in 

ers 

appreciable s fo:c elbow joint. 

T major t:he oppos moment must 

ied by M s Some ass tance may be g 

by Mef ulnar poss , in a minor 

ventral co (Fig: 

53. 

Dur the up st: of wing flapping, 

the moment on forearm reveL'S and must be 

opposed by the pronator muse s (M.M.pronator 

profundus et superficial L 



F 33 Ventral colateral ligament 

Figure: 34 Medial ligaments of wrist 

F 35 Effect of droop of manus 

Figure: 36 Ulnare and tendons 

elbow 

ulno ulnare and ulnare 

carpometacarpal 

F.c"u. M.flexor carpi ulnaris 

F.d.p .. M.flexor digitorum profundus 

Fed.a .. M .. flexor digitorum sublimus 



Fig.33 

F.t.u. 

Fig.36 

Fig.34 

Fig.35 

F.d.s. 

~==~....,...F.d.p. 
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The moments are for ~~~~, 294 gf.cm. and 

400 "cm" 

4.4.3 Wr t: 

The moments at the wrist joint are M(Z3) about 

the ax through the manus leton and M(X2) about 

an axis paral 1 to XX. As the case of the elbow, 

it is treated as a hinge joint depth d. The angle 

between 22 and 23 cp and the angle between the 

resultant and Z3 r; • 

TABLE IV 
~-'~ ",.~-;;;~~ 

'''''''''IlIX~ -.___ ~~iil."~ 

M(Z3) gf.cm. 114 161 

M(X2) gf .Cffie 194 490 

¢ 1200 1450 

d cm" 0.7 1 

P(23) gm.force 163 161 

P(X2) gm .. force 277 490 

P(R) gm.force 321 516 

p(s) gm.force 70 51 
fo 300 180 

---
These forces and angles are shown in Fig:32 and, 

as above, (a) refers to £Q1umba and (b) to ~§. 

The major load must be taken by the ventral 

ligament connecting the os ulnare to the ulna, through 

the former and to the carpometacarpus by the distal 



ligament (Fig:34). It is interesting to note that 

the line of this connection lies more or less along 

the line of the resultant (Fig:32). The tendons of 

M.M.flexor digitorum sublimus et flexor carpi ulnaris 

can make some contribution and particularly the first 

two since they brace the os ulnare aft (Fig:36) .. 

M.flexor metacarpi posterior can also contribute a 

little and has a slight moment in the positive sense. 

55" 

Mention has been made of the fact that the manus 

slopes downwards from wrist to tip when in the gliding 

mode.. This enables the ligaments and tendons to 

exert a greater force since the effective depth, d, 

is increased (F ig: 35) • 

The shearing force is qUite low in both cases 

and presents no particular problems. 

4.4.4 ~~!~~~~~!_j~!~E~: 

The loads diminish rapidly distal to the wrist 

and the joints are comparatively rigid. The actual 

loads are extremely difficult to assess since the wing 

is not a homogeneous body and only a few primaries are 

mounted directly on digit III. The load on, say, the 

first phalangeal joint may be affected to some extent 

by the primaries mounted on the carpometacarp~s. The 

figures given below are, therefore, only rough 

approximations and must be treated with caution .. 



The angles the resu 

and S respectively@ 

s 

TABLE V. 

FIRST PHALANGEAL JO INT • 

COLUMBA ,-
M(Z3) gf"cm .. 30 
M(X3) gf .. cm .. 87 

d cm .. 0,,35 

P(X3) gm.foree 86 
P(X3) gm.foree 248 
P(R) gm.force 262 
P(S) gm.force 39 

y 19° ---
~ 

SECOND PHALANGEAL JOINT. 

COL --
M(X3) gf .. em. 10 
M(X4) gf.em .. 30 

d em. 0.3 
P(Z3) gm.foree 33 
P(X4) grp.. force 100 

P(R) gm.force 105 
p(S) gm.force 30 

6 12° 

S in both cases, M(Z3) 

with Z3 are '(/ 

US 

31 

148 

0.85 
36 

174 

177 
26 

11 .. 50 

US DOMIN ICANUS 

13 
62 

0.5 
26 

124 

127 
15 
12° 

at the joint is 

small compared with M(X4) the resultant is not at 

a great ang to the Z3 axis. 
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The subject will be d cussed in f div ions 

:aaIne gliding, flapping, ing, take-off and 

There are course distinct differences between 

but there is also considerable overlap as one 

The positions of the \fling and tail at various instants 

during f light are discussed and a cQrre1ation bet1fleen 

aerodynamics, myology and structure is made" It vlill be 

apprec ted that although there is great difficulty in 

defining exact interactions between muscles the origills rlms 

of tendon and insertions described above make it possible to 

some conclusions. 

It is assumed that any normal manoeuvre will be 

effected ~N'ith the greatest economy of effort and this 

ion helps in analysis" 

As the actions of the leg and foot muscles of man 

during normal walking are semi=automat (that is they are 

performed without conscious control) so are the movements of 

the wing and taiL The fo()t and leg b'eact to changes in 

the natu~ce of the surface and the wing and tail to changes 

aerodynamic forces o 



contr to f1 cont:t:'ol 

cons no led 

g1 

t 

fo 

gl and 

as will real 

the is much the same as former 

a ri air current the f s 

is a d fer-ent matter 

this case~ use 

soar 

made the momentum creatllre 

W1r of wind velocity with ight" This s 

1 d cussed Walkden (1925). ne 

1 

case any t s by flapping the except 

oCCEl.S to counteract some d or 

Gl ing f1 b not to have 

at as much attent a 

1 

(1948), 

1 (1911) s 

a f 

1 a s g and 

account 

and Storer 

his book on 

Raspet (1950) 



(1 va cant£':' 

t:(} 

s a on a 

gl 

~ several <> 0,-

s s il~ ",-", 
~ 

&.,. 

must a be 

same d as a flow@ t~r\Ji 

erent s 

it " force on 13.9.i1 c 

one along 

at r s to .. res tal1ce to 

1 mot through the water is high 

to f motion so that net res 1 

t the wind but at an angle to the .. b , 
one mediwn only~ which is mov 

throughout, cannot move forward 

s a force to 

then 

force 1 1 to the f may suff 

to rna g 

the body be fly f wings and tail 

axis or may not be 1 1 t four cases 

i1 F :37 ) )~(c) (d) asswne the 

f re with 



F 37 Attitudes f 

(a) Climb 

(b) Level f 

(c) Descending 

(d) Riding an 

F 38 Illustrating wa out 

Wing viewed from d tal 
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to body b arm 

loc , horizontal (a), (b) and ) and 

is f assumed t in 

t has to act .. 

than the so 

fol is path 

with re to the and (b) 

11el to the wind and the ground® In b these 

cases the rward speed the b re to wind 

will since no to maintain 

be downward, as in Fig:37(c), the ground speed 

constant or depending on the 

forwa of the gravity force, w s than, 

1 to or greater than the " 

The only steady propulsive ort available is that due 

to forward component of gravity force (Fig: 37(c» 

s is W sin e and the sinking speed, U, equal to 

v s e @ 

Since work done against the drag can only be 

suppLied by the loss of potenti.al energy, 

WU := DV 

sinking speed is a minimum when the power (DV) 

a minimum,' since weight is f and it can be shown that 

this occurs when C~Z./CD a maximum. 



is sum 

drag" prafi 

fllnction shape 

a funct of 1 t .. 

i 

where € a span iciency factor" . 

Thus CDi is inverse proport to the rat 

the lift equal to the weight 

W "lzp V
2

S 

hence :: 

:::: " 

wu = " 

u = 

Thus I'rlill seen that sinking speed is a 

funct of the , the wing area and the span and not 

weight and span on as by Smith (1953). 



Figure: 39 Larusnovaehollandiae gliding 

Posterior vi~w 

Frame numbers given on right 
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The last figure of the four, (d), shows the effect 

of sloping ground. The air flow is deflected upwards and, 

if conditions be right, the bird can ride on this up current 

without changing its position relative to the ground .. 

The wing is normally twisted during flight of this 

type so that the angle of attack decreases towards the tip .. 

In this configuration the wing is said to have washout and 

Fig:38 represents such a wing' viewed from the distal end. 

Examples of gLiding flight shown in Figs: 39 - 42 

inclusive are taken from photographs of red-billed gulls 

(Larus novaehollandiae). The filming speed was 64 frames 

per second and the number given with each figure refers to 

the frame number so that an approximate time scale is 

available. It will be noted that the sequence of Figs:39 

and 40 occupies a period of rather more than 0.75 sec" 

Figs;39 and 40 are posterio~ views of the bird 

riding on up draught with little movement relative to the 

ground, Fig:41 shows a lateral view with similar condition 

and the last, Fig:42, a ventral view" Note that this bird 

is in moult and the position of the manus is rendered 

particularly clear because of this. 

Considering Figs:39 and 40, first, the air flow is 

far from steady, there being variations in speed and 

direction as well as eddies so that constant adjustment is 

required in order to maintain stability .. 



Figure: 40 Larus novaehollandiae gliding 

Posterior view 
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One of the primar.ies of the right wing shows a 

consistant tendency to separate and this is probably due 

to moulting or mechanical damage.. There also appears to be 

another loose feather about half way along the posterior 

part of this wing, first remarked in Fig:40, f .27 .. 

The first pOint of importance to be noted is that the 

outer wing, at least distal to phalanx 2 digit III, is 

supplying Little lift" This is apparent from the fact that 

the primaries are not flexed upwards and is to be expected 

for two reasons" In the first place, as discussed above in 

Chapter 4, the closer the centre of lift is to the centre 
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line of the body the less will be the muscular effort required 

to support the body.. Second ly, if the angle of attack ,is 

small, as it will be for low lift, there is a reduction in 

the risk of a stall due to sudden changes of air flow over 

this important control surface. 

In f 1 the wings are nearly symmetrical but the right 

is stalled close to the body. This condition, marked by the 

lifting of the feathers (indicated by the arrow) has almost 

ceased to exist in f 3 (roughly .. 03 sec. later) and the right 

wing has been slightly supinated by rotation at the shoulder .. 

The fact that the wing has been supinated indicates that the 

wind direction has altered such that the angle of attack has 

tended to decrease since the attitude of the body has not 

altered, Between f 6 and f 10 the air flow has again become 
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steeper and both wings have been pronated by movement at the 

shoulder joint. This adjustment has prevented an increase 

in lift or stalling.. It is to be noted that both wings have 

been pronated by nearly the same amount and that both hands 

have been pronated slightly with respect to the forearms. 

This latter is achieved by contraction ofM.M.obLiquus et 

extensor metacarpi ulnaris. It is difficult, in these 

posterior views, to see if there has been any extra flexing 

of the manus in the plane of the wing but, judging by the 

wing lengths, such flexing, any, must be slight .. 

The banking in f 21 has been produced by a vagary of 

the air current as is shown by the fact that there has been 

no appreciable change in the wing sett.ings" A correction has 

been made (f 27) by supinating the left wing thus increasing 

the lift on that side. Further supination of the left manus 

is shown in f 29 produced by relaxation of M.obU.quus and 

contraction of M.flexor carpi ulnaris, while M.M.extensor 

pollicis longus et extensor metacarpi radialis remain in 

tension • 

.In f 36 the right wing has again been pronated and 

from the position two frames later (f 38) it is apparent 

that a gentle flap has developed with the greater thrust on 

the right wing. The downbeat has finished by f 42, both 

wings are supinating and a slight turn has been achieved. 

Considerable pronation of the right wing in f 44 has prevented 



Figure: 41 Larus novaehollandi§e gliding 

Lateral view 



Fig.41 



banking and in f 50 a gust has caused stalling at the centre 

and the left wing has been allowed to rise to prevent rolling 

of the body. 

The lateral views of Fig:41 occupying a little more 

than 0.3 sec. show the same general control features. The 

body and head show very little change of attitude other than 

a slight roll but the wings are in constant movement. 

In ff 1,2,7 the right wing is b.eing increasingly 

pronated, mainly from the wrist outwards, while the left wing 

nearly constant in setting. In f 12 the left wing is 

pronating and there has been a slight roll to the right, 

continued in f 15.. The body is again stable by f 16 and so 

remains for the last four frames. The left wing tip commences 

to extend in f 17 and in the last frame it is nearly at full 

stretch. The twisting of the right manus is shown particularly 

clearly in f 7 where the wrist joint (arrow) is quite prominent. 

The final sequence, Fig:42 is a ventral view of the bird 

riding an up-current about fifteen feet above the ground and 

nearly stationary in space. Rotation of the wings cannot be 

seen clearly but. the view does illustrate the flexing of the 

manus very well. From f 3 to f 8 the right manus is extended 

thus increasing the area. At the same time the elbow has been 

somewhat straightened so that .M"M.tensor patagii longus et 

extensor metacarpi radialis come into play. Note that this 



Figut'e: 42 Larus novaehollandiae gliding 
i 

Ventral view 

Note that this bird is in wing moult 
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extension does not appear to have shifted the centre of 

lift of the wing in the fore and aft direction as is 

indicated by the tail, which has not been adjusted. From f 15 

to f 68 there are minor movements with a brief flexing of the 

right manus in f 35.. The next important variation occurs in 

f 70 to f 73 where the left man~s is flexed considerably, 

lowered and supinated. M.M.flexor digitorurn profundus, 

flexor metacarpi posterior, flexor carpi ulnaris et flexor 

digitorurn sublimus will all be called .into play and the elbow 

is flexed to reduce the pull on the extensor process of the 

carpometacarpus. Some of the flexing and extension of the 

manus may be helped by altering the angle of attack as is 

shown in Fig: 76, Appendix IV. 

The gull has been chosen for this analysis because, 

while being capable of strong flapping flight, it spends a 

large part of its time in the air in gliding.. In this 

position, as has already been stated, the centre of lift is 

kept close to the body and the outer part of the wing is 

lightly loaded. This is shown by the fact that the primaries 

are not flexed upwards and the manus, as a whole, droops. 

An aircraft with fixed wings is designed to be 

inherently stable, that is, if its altitude is disturbed it 

will tend to return to the original state. The wings have a 

di ... hedral setting for lateral stability, a fixed tail for 

longitudinal stability and a fin for directional stability. 



The bird is not inherently stable, just as a standing man 

is not, and muscular action is required to correct any 

disturbance. The subject of stabiLity is discussed below 

in Chapter VI. 
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The movements of the wings in these sequences are 

almost entirely due to muscular action since little help is 

available from aerodynamic forces other than that mentioned 

above. 

The rotation of the wing about the shoulder is due to 

the pectoral and other muscles of this region. The twist is 

controlled by the pronat1.Drs and supinators of the forearm 

and the extensors and flexors of the manus. 

5.3 FlaRpi~[li&h~. 

Flapping flight constitutes the phase in which thrust 

as well as lift is supplied and this, of course, is used in 

take-off as well as in ordinary flight. The above definition 

is necessary in order to distinguish it from hovering as in 

the latter conditions are different. 

This question has been discussed by a number of authors 

including Leonardoda Vinci (1452-1519), Marey (1883), Boel 

(1929), Guidi (1938), Storer (1948), Brown (i951), and 

Shestakova (1956). 



Boel (1929) in his definition of an ornithopter 
,<. • 

states inter alia .......... "whose angle of attack is always 

positive". As will be shown below, the angle of attack 

of some portions of the wing is negative for part of the 
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stroke during strongly flapping flight. Also the statement 

that the angle of attack increases when the wing is opened 

and decreases as it is folded requires considerable 

qualification before it can b~ accepted. The primary adjustment 

of angle of attack is made at the shoulder joint, assuming 

that the inclination of the X-axis of the body is not altered .. 

Aymar (1938), in his discussion of aerodynamics of 

bird flight bases some of his conclusions on unsound data and 

insufficiently precise definitions. The statement that the 

force of the wing beat acts at :!:ight angles to the surface is 

not clear. If, by the surface, is meant the chord this 

statement is not true since the direction of the resultant 

is variable. Again, the often repeated statement that the 

primaries open in order to reduce res.b,tance is incomplete 

and the matter is discussed below. 

Brown (1951) pro<;luced an elegant analysis of the wing 

movements of a pigeon during flapping flight.. In it he makes 

a brief mention of the functions of certain muscles but fuller 

information would have been helpful. For i!lstance the 

statement that it may be shown that, in one type of flight, 

M.pectoralis minor, does not raise the wing. Presumably this 
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refers to the case whe;re the lift on the wing is sufficient 

to raise it at the required rate without muscular effort .. 

Doubt is also cast on the ect of M.pectoralis major in 

pronating the wing and this subject is discussed below in 

Appendix 1 .. 

The use of the term "angle of incidence" leads to 

some confusion hence the def.i11ition given in Chapter 

In Fig: 1 of the above-mentioned paper the angle of 

incidence appears to refer to the setting with respect to 

the body .. 

In his paper on the flight of birds (1953) Brown gives 

the following table:-

Medium 
Take-off speed 

Normal 

high speed 

~-------------------------~----------~----------- -----Downstroke: 

Wing tip: 

Angle of att~ck 

Angle relative to 

direction of flight 

Function 

Inner Wing: 

Angle of attack 

Angle relative to 

direction of :f light 

Function 

Bositive Positive 

l .. Positive Negative 

2.Lift Propulsion 

and lift 

Posit;ive Positiv.e 

3 .. Positive Positive 

4 .. Lift Lift 

Positive 

Negative 

Propulsion 

and lift .. 

Positive 

10 .. Pos it ive 

Lift 
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'Take";off 
Medium 

speed 

Normal 

high speed 
~--------------------,--~~--------~-----------+----------=---.~--+ 
Upstroke: 

Wing tip: 

Angle of attack 

Angle relative to 

di~ection of flight 

FWlction 

Inner Wing: 

Angle of attack 

Angle relative to 

direction of flight 

FWlction 

5 .. Positive 

(feathers 

inverted) 

6. -
Propulsion 

and lift 

Positive 

(high) 

7. 
None 

8~Positive 

(feathers 

inverted) 

9" -
Propulsion 

and lift 

Positive 

Positive 

Lift 

Zero or 

slightly 

positive 

Positive 

11 .. Absent 

Positive 

Positive 

Lift 

There are one or two pOints where the author disagrees 

with this table and these are listed below: ... 

1. If the angle of attack of tne wing be positive 

with respect to the direction of motion the 

take-off will be backwards, a manoeuvre which is 

only executed in an emergency ... In fact it is 

normally negative, see Fig:52, f 12, Fig:53 .. f 9, 

Fig:54, f 8, Fig:55, f 7 and Fig:56, f 3. 

2. Thrust is supplied as well as 1 t .. 

3,4 .. The inner wing may have a neg.;ltive angle of 

attack relative to the direction of motion, 



Fig:53, f 9 and Fig:55, f 6 being examples of this 

and in this case some thrust will be produced .. 

72" 

5, 6, 8, 9. The angle of attack is over 900 negative .. 

10. May, in some cases, have a negative angle of 

attack relative to the direction of motion .. 

11 .. On the up-stroke there can be some slight 

propulsive force and a little down force on the manus 

could be a small price to pay for thrust in these 

circumstances and could be balanced by extra Lift on 

the inner wing.. The exact setting of the wing tip is, 

however, exceedingly diff;i.cult to determine .. 

The author cannot agree that the inner wing can 

contribute little or nothing to the lift of the wing as a 

whole during take-off since this depends on the type of 

take-off.. As long as the angle of attack is positive with 

respect to the air flow there must be some resultant force 

on the wing, part of which may be lift and part thrust .. 

Boelus experiments with clipped wings do not, in fact, 

disagree with the above. contention and Brown himself admits 

that birds so treated can only fly under take-off conditions 

for a short time .. 

It is agreed that the rotation of the primary feathers 

is not primarily under muscular control but it may be helped 

slightly by some of the slips or tascia inserted in the 

system surrounding their bases .. 



73. 

The maximum arc through which the inner wing moves 

varies widely with the different species thus, in the pigeon 

it is approximately 900 and in &!}:J,;l§.. .dominicanu.§. about 

45 0 
- 600

• In no case, however, does it appear that the 

humerus is depressed appreciably below the horizontal when 

in the extended position. 

In all cases studied the inner wing as far as the 

wrist commences to rise before the manus and is supinated 

sufficiently to maintain a positive angle of attack. The 

manus then follows, the tip moving dorso-posteriorly during 

the process. If the movement be slow there is little or no 

thrust produced but the drag is reduced to a minimum. 

Unless the wing reaches the vertical Limiting position, 

as it sometimes does with the pigeon, lift is available 

throughout the stroke. 

During the flapping phases of flight it would be 

better in some ways to consider the wi~g on airscrew theory 

rather than wing theory. In effect the wing becomes an 

oscillating propeller with. some differences between the up 

and down strokes. The down stroke is similar to an orainary 

airscrew providing thrust along the axis of rotation arid 

torque reaction (lift) at right angles to this. During the 

up stroke the outer wing may still be a propeller'but the 

inner wing, with the lift acting in the direction of motion, 



Figure: 43 Larus dom~ni.9!!ll!2 in flapping flight 





Figures: 44 a~d 45 Strong flapping flight 
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.Figure: 46 Wing attituders - angular setting during 

different phases of the 

stroke 

Figure: 47 Position of manus during stroke 

(a) Dorsal view 

(b) Anterior view down stroke 

(c) Anterior view up stroke 
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primaries proceeding inwards lie at an increasing angle to 

the leading edge and bend, as is clearly shown in Fig:45, 

f 7,: 

Thus lift is supplied almost throughout the whole 

beat for the type of flapping discussed above. However, in 

the case of ~~ __ ~ __ ~~, when very powerful flapping is 

(e~g. at take-off) the wings rise to the vertical 

and actually touch so that 'no lift is given. Thrust cannot 

be supplied in the region of the rest points of the beat and 

is probably 

flapping" 

ligible during the up stroke of gentle 

(F :48) with its longer wings 

does not normally lower the manus to the same extent as the 

smal gull according to the evidence of photographs and 

extensive observation. The action in this case is somewhat 

d erent since the manus on the up stroke, having a smaller 

arc movement, cannot supply so much thrust" However, as 

the mass of the bird is greater the momentum will be greater 

in proportion to L3 (where L is a linear dimension) whereas 

the drag is proportional to L2, both for the same air speed. 

77. 

Hence continuous thrust is not so essential to maintain speed 

and height. The evidence of photographs suggests that 

during the up stroke of the manus it is set to an angle of 

attack giving minimum drag, zero or a few degrees negative 

for this type of aerofoil. This view 

fact that the primaries do not separate. 

supported by the 
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It is to be noted that the wing tip describes a 

closed curve relative to the body and at the bottom of 

Fig:48 is shown the path followed plotted from photographs. 

The characteristic figure-of-eight pattern is not apparent 

in this particular case, probably because the bird is flying 

qUite gently. ~he rate of wing beat about three per 

second and the flying speed 25 - 30 m@p.h. Boel (1929) noted 

this and analysed the wing movements very well but failed to 

appreciate the fact that lift and thrust can be applied 

during the up stroke. 

As noted in Chapter IV, when discussing the position 

the centre of pressure relative to the supporting skeleton, 

there is a negative pitching moment tending to supinate the 

wing during the down stroke. Similarly, during the up stroke 

there is a tendency to pronate if the angle of attack is 

sufficiently negative. The above is based on the assumption 

that the centres of pressure are at the quarter points. 

The advantage of this arrangement from the point of 

view of the bird is that the pronation or supination are 

resisted by elastic restrainers, that is, the ligaments. The 

muse s, then, can reinforce this resistance as required to 

give the correct settings and the resistance offered by the 

ligaments is proportional to the movement. The main pronator 

and supinator muse s in the forearm (M.M.pronator profundus, 

pronator superfic lis et supinator brevis) will be active in 



Figure: 49 Flapping flight 



Fig· 49 



connection for the wing distal to the elbow. 

Fig:49 gives further 

can raise 

s of wing configurat 

wings to about 80° from 

izontal when flapping strongly to gain height and 

f s.. The tail is spread in this particular case 

in to increase the 1 ting surface and to help 

horizontal stability. The twisting of the manus 

is' very in ff 8, 17.and the bending of the primaries 

in ff 1, 18. 

5.4 

.. 

The hovering flight of the humming bird, whose ability 

in this f Id is supreme among birds, has been fairly 

extensively studied and photographed. For other birds, 

whilst the inciples involved are the same, the action fus 

different and is more akin to flapping flight and has been 

less fully discussed. Between the s s there are also 

differences in wing settings, leg action and tail position. 

F and 51 are taken from photographs of a gull 

f·or one cycle of wing movement, 

occupying a time interval of about 0.25 second. A reference 

point is marked on each drawing and this reveals that there 

is little body movement in space. 

In f 1) wings are set with chord almost 

horizontal so that the only force is nearly vertical, i.e., 



Figure: 50 Larus novaehollandiae hovering 
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1 tle or no thrust produced * The manus is brought 

by flexing of elbow and the primaries are 

spread and flexed upwards@ body is lined at about 

and the tail spread with its plane parallel to the 

s" 

The inner wing, hav its chord normal or nearly 

normal to the direction of motion, is equivalent to a plate 

plac at right angles to the a flow in a wind tunnel .. 

In conditions there no 1 ,in the accept sense 

the word) but there is a high drag force.. Thus, the 

wing moving downward at a high speed produces a strong 

upward force on the b" tail is spread wide and 

moving down to act as a stabiliser since the wings are 

more forward than for ordinary flapping 0 The end 

of· downstroke is reached in f 2, which is about .. 015 

s later than f 1, and the wing is well forward; the 

manus is twisting (supinating) and the tail still being 

ssed. In f 3 and f 4 the inner wing is rising, 

comparatively slowly and the manus is still giving lift 

as continues to move f'orward and down.. The inner wing 

:teo. considerably supinated in order to reduce the downward 

force on the bird and to prevent overall generation of 

thrust.. As the inner wing continues to rise the manus 

COlnmences to move post ly, f 5, and the pressure on the 

b has become suff ient to bend the primar s thus 

shOWing that considerab lift is being generated.. At f 6, 

80. 



Figure: 51 LarLlS UQvaehollandiae hovering 





the wing begins to straighten mainly by contraction of 

M.M.scapulotriceps, humerotriceps et anconeus.. This 

81. 

causes the manus to extend, by tightening the tendons of 

M.M.tensor patagii longus et extensor metacarpi radialis, 

and at the same time to twist (pronate). By f 7 the wing 

has lost much of its twist, the body has moved to a more 

vertical position and the tail has depressed even further .. 

In this position of the latter, with its plane vertical, 

tends to prevent horizontal movement of the body.. By f 10 

the up stroke is nearly complete and the last part of the 

straightening movement causes the manus to flick over to 

its normal position very rapidly. The tilting of the body 

has been caused by the shifting of the centre of pressure 

to a point anterior to the centre of gravity thus providing 

an anti-clockwise couple .. 

Tn f 5 it may be noted that there is a distinct 

division between the distal secondary and the proximal 

primary and this emphasises the·degree of freedom of the 

manus with respect to the forearm. 

The forward movement of the wing takes place almost 

entirely from the elbow and because of this flexing the 

wrist joint gains greatly increased freedom of movement and 

the distal end of the ulna-radius assembly can be twisted 

by rotation of the latter about the former. M.flexor 

metacarpi posterior, in opposition to M.extensor metacarpi 
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radia , serves to maintain the required degree of flexion" 

The twisting or supination 

above~ is imarily due to the 

manus, as stated 

pressure having its 

centre poster to the carpus and digits, the force being 

on the al surface. Control of this twist exercised 

by M~obliquus as a powerful pronator and, to a lesser 

extent, by M.extensor metacarpi ulnaris. M.M.extensor 

d itorLUIl communis et extensor ind is longus are in tension 

causing slight supination of the phalanges and bracing the 

d against flexion the ventral direction. 

In f 11, as the wings have started to move downward 

and the centre of pressure posterior to the centre of 

gravity, the body has reverted to the 450 position.. The 

remaining three drawings show progress towards the 

horizontal and reveal nothing special note .. 

5 .. 5 

s 

moment" 

The take-off procedure varies not only with the 

and habitat but also with the exigenc s of the 

Thus, a gull 

from land when not pressed, takes a few 

leisurely steps along the ound as the wings open and the 

f t down beat carries it off the surface. The forward 

velocity gained by run helps to reduce the power 

for the first wing stroke. If pressed, however, 



Figure: 52 Normal take~off 

Figure: 53 Normal t -off 
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they jump and the wings are ready for the downbeat by the 

time the feet leave the ground 9 

While the Reynolds number during the initial stages 

83 .. 

of take-off is low by normal a standards the roughness 

the leading edge of the wing is probably sufficient to 

give a turbulent boundary layer and this latter is necessary 

for good performance. The average values of R, taken at the 

wrist, for the first down of the pigeon (Fig:52) and 

the gull (Fig:54) are approximately 17,000 and 72,000 

respectively. 

Examples taken from species other than the six 

spec ically chosen for this ~tJOrk are used in addition in 

order to give a more general picture. 

Fig:52 shows during a normal, unhurried, 

-off and the series are taken from consecutive frames at 

approximately 1/64th second intervals. In f 1 and f 2 the 

wings are beginning to open but the feet have not moved. By 

f 3 the right foot is moving forward and the step completed 

by f 8, at which point the wings are nearly fully raised to 

vertic'al position@ Between f 9 and f 10 full stretch is 

reached and both wings are pronated by rotation at the 

shoulder and at 'the same time the leg stretches and raises 

the bird on tiptoe. The first part of the down stroke 

produces little 1 t, since the wings are nearly vertical, 

but produces considerable thrust and by f 11, when the lift 



Figure: 54 JUTIlP take~off Larus novaehollandiae 
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has developed the feet are just leaving the ground", The 

remainder of the beat is similar to that described in 

flapping and hovering flight with strong lift and thrust 

ing the up strokeo The normal take-off from a ledge 

or branch similar to that of other birds of this type. 

, however, take-off be from a ledge or crevice with 

bird a vertical surface the position of the 

s s to be mod ied~ Instead of being pronated 

d first downbeat the wings are supinated thus the 

is backwards, since the thrust has been reversed, 

and s soon as suffic clearance has been achieved to 

allow a turn the flight will become normal. 

The normal take-off of is 

shown Fig:53. Retween f 1 and f 4 the wings start to 

open and the run commences with the left foot while between 

f 4 and f 9 the wings continue to open and four steps are 

taken., f 9 the pronations of the wings at the beginning 

the downstroke can be very clearly seen" The wings are 

1 forward at this point so that the downward motion 

has a backward component,'thus increasing the thrust .. In 

f 10 the feet have just left the ground and from then on 

flight continues in the usual manner .. 

The same species in a jump take-off is shown in 

84. 

F .5l~" The wings commence to open, f 1, and the legs being 

to bend f 2, when the former 'are about half spread. As 



Figure: 55 Take-off Passer domesticus 



,:,; " . '> 
'". / 

, ",/' 

/ ,pO 

I,,' 
i.:/ 1? 

Fig.55 



f 6 

s legs straighten, 3,4 and 

f 5, when dov.rnbeat beg , the feet are about to 

f 

s are 

ground and they are ju~t clear one frame later, 

s particular case the bird was jumping for a 

and to move vertically, hence the 

not pronated in f 6 and f 7. In f 8 it will be 

85. 

not is cons ly twisted so that the manus 

some forward thrust .. To counteract this the inner 

w to g reverse thrust and the result is 

1 t: frames later, f 12, the body has taken up 

an st vert 1 pas ion, the manus turned over and the 

wing mov backwards so that the manus is giving lift.. The 

act simi to that for hovering with the difference 

that in s case, 1 t s the weight and the body 

moves vertically .. 

F :55 shows a sparrow (Passer dome§ticus) taking off 

Here jump is forward and the feet leave 

just as the wings start the down stroke, f 6 0 

the tail is to be noted, in f 7 it is up 

wings are moving down, probably to counteract a 

clockwise pitching moment on the body due to the centre of 

ssure the wings being aft of the centre of gravity. 

been depressed by f 8 and now seems to be acting as 

an auxiliary 1 ting surface (see also ff 9, 10).. Frame 

f 16 of interest that, the manus, while it has the 

usual vertical pas ion at the end of the down stroke, is 



Figure: 56 Take-off 
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back instead of forwa·rd as the other cases 

considered and the body axis is at a considerable angle 

to the horizontal. 

A shag shown in Fig:56 at 

an early stage in its take-off run on water. This particular 

b took about 100 yards before it was finally clear of the 

,,\later although for the last 50 yards only the feet touched 

occasionally,. . At the beginning of the downstroke, f 1, one 

foot has just entered the water and the tail is fully raised. 

the next six frames there the ordinary downbeat of 

the wing, the broad webbed feet give a strong 

forward thrust and the tail is lowered until its trailing 

touches the water. By f 8, the end of the down stroke, 

the feet are clear but the tail still gives some support 

s it trailing in the water. As the wings rise, f 11, 

the feet reach forward and again enter the water in f 14 and 

are well i~~ersed by f 16, the top of the stroke. For about 

half the take-off the tail continues to touch the water thus 

giving some support The twist of the manus is well marked 

in f 21 and the fact that'the a pressure on the back 

(dorsal) surface is clearly seene 

It is to be noted that during take-off and rapid 

acceleration the comparatively small M.pectoralis minor must 

be under extreme stra since there is little help from 

aerodynamic forces in raising the wing. The fact that the 



Figure: 57 Normal landing Columba livia 





manus does not rise appreciably until the inner wing is 

well up is certainly an aid since the centre of pressure 

is thus brought well inboard .. 

5,,6 Landing. 

87. 

As with take-off, the landing technique varies with 

the species and with the particular conditions obtaining at 

the time .. 

A bird landing on the ground need move forward very 

little after touch-down and, of course, when landing on a 

branch or twig all horizontal motion must cease when the 

perch is gripped. When landing on water,birds like ducks 

and swans usually run forward much as does a seaplane 

although they are able to stop almost dead if necessary. 

In Fig:S7 Columba livi§: is making a normal landing in 

still air and the forward velocity is very small.. At an 

earlier stage than the beginning of the sequence the creature 

has stalled to cut its forward velocity. It is worth noting 

that stalling for a bird presents no difficulties since the 

centre of resistance can be shifted so quickly by moving the 

wings or tailor both .. 

Thus having lost practically all forward speed, it is 

possible to float gently down with the wings and tail spread 

against the air flow" In f 13 the tail is fully open and the 

wings spread, with the left moved somewhat rearward.. In 

f 2 the left wing is extended to counteract a roll and it is 



Figure:58 Landing on water Larus novaehollandiae 



-=-';;;;-'::':';;'===~'l1,~i----::~--='-O'--

1 

Fig.58 

72. 

7f 

itll'- 19(,,8 



also moved forward to prevent the head dropping e The next 

frame shows the wings raised and pronated in order to 

increase the forward velocity slightly_ By f 9 a roll to 

the left has developed and the left wing is beating down 

(shown by the bending of the primaries) to correct this .. 

88. 

Having once more achieved an even keel, the wings are raised 

order to give them sufficient latitud. of movement 

during the final landing operation, flO, f 11.. A very 

quick up beat, (ff 12,·13, 14) steadies the body and allows 

a slow down-beat f 17 to f 26, where touch-down occurs. The 

wings are again raised ,~o that they are ready in case a 
v 

steadying flap is required or in case immediate take-off 

becomes necessary. The final three frames show the wings and 

tail folding and a forward stt~p is beginning" The head 

begins to come up about frame f, 20, when there is only an 

inch or two to go before the ground is reached. The sinking 

speed is of the order of one to two feet per second. 

Larus novaehollandiae landing in a pool is shown in 

Fig:58. Frame f 1 is the last of the steady glide in and 

again illustrates the smal.l amount of loading on the outer 

wing, shown by the lack of bending of the primaries and the 

down-droop of the manus" The next three, ff 2, 3, 4 show 

the beginning of a slight turn. First, the manus of the 

right wing is pronated and shows very clearly the point made 

above, that the manus can be rotated at the wrist joint by 

an appreciable amount even when the wing is nearly fully 



extended $ At the same time the tail, being fully spread, 

is twisted ant clockwise and lowered so that it acts as a 

rudder turning the bird to the right as the bank develops. 

In f 17 about half the turn has been completed and the 

89. 

right manus is being supinated. The stall commences in f 43 

and, 1m order to continue the turn the left wing is supinated, 

folded and raised somewhat to reduce the resistance on that 

side (f 50). This latter movement also serves to correct 

the bank and bring the lateral axis level againE From f 53 

to f 62, the final approach, there is some movement of the 

tail to the left to stop the turn and minor wing movements to 

keep the balance. Touch-down occurs in f 63 with a 

simultaneous slow down-beat of the wings., The final settling 

f 67 to f 75, is interesting as it shows the head submerging 

im.lllediately after touch-down. There is nothing in the beak 

when it emerges f 75, so that there are several possible 

explanations for this. First, the bird may have been after 

some food and missed, but this seems unlikely in view of the 

unhurried approach to the landing.. Secondly, it may have 

been an accident due to misjudgement. Thirdly, it may have 

been done to prevent sinking too deeply, tail first, by 

allowing the full length of the body to reach the water at 

the same instant.. Of the three the last appears to be the 

most probable .. 



Figure:59 Normal landing on ground - Larus novaehollandiae 
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Fig:S9 gives a few views of a landing on the beach 

by a similar gull. The stalling is again clearly shown in 

90. 

f 27 and frame f 34 shows further braking just before 

touch-down. This is achieved by supinating at the shoulder, 

thus sweeping the rear portion of the wing forward" 

Touch-down takes place in f 38 

The next figure (Fig:60) is of Larus dominicanus 

landing on a post and the dotted line repre·sents the horizon 

which serves as a reference for height, while the post first 

appears in f 74. There is a light breeze blowing against the 

bird and the first f teen frames show the adjustments 

necessary to reduce the forward velocity almost to zero by 

the time the edge of the post is reached. Frames f 3 to f 

show the elevation of the head and the gain in height,due to 

the increased angle of attack,required for the final approach .. 

The increased angle of attack so causes an increase in the 

drag and a consequent loss of speed, since there no thrust 

being produced., From frame f 30 to frame f 71 the final 

approach made and the position of the head indicates the 

watch that is being kept on the post while at the same time 

the wings are pronated in order to lose height by reducing the 

1 t. By f 74 the landing point has almost been reached, the 

legs are lowered and the wings relaxed. The forward speed is 

now almost zero, as may be seen by noting the body position 

relative to the post, and by f 87 the legs are reaching 

forward for the landing, the wings are beginning to fold and 



Figure:60 Larus dominicallUs landing on a post 
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the descent is vertical. The feet finally touch in f 91 

and the position chosen, on the edge of the split, gives 

the best chance of gripping.. By f 112 the bird is firmly 

established on the post and is raising the head to look 

round. The final phase, up to f 153, take the sequence 

almost to completion with the wings nearly fOlded .. 

91.. 

This sequence illustrates extreme accuracy of control 

and the advantages taken , the wind.. The point at which 

thrust ceases must be nicely judged so that the momentum is 

just sufficient to enable the post to be reached without 

undue wing movement. The whole operation has been carried 

out in quite a leisurely manner and with no great muscular 

effort" 

5.7 Conclusion. 

The main phases of flight have been considered and the 

action of the flight apparatus analysed for particular species .. 

Except for hovering, the general wing movements in 

flight have been discussed by a number of authors (see 

Chapter I, section 1,,2) but here a more detailed assessment 

has been made of certain aspects" In some cases there is 

disagreement with previous work and where this is so 

particular care has been taken to ensure that the deductions 
i 

agree with aerodynamic and mechanical principles. 



Figure:61 

(a)(b) Pos ion of manus during down 

and up strokes 

(c) Manus moving back 

(d) Twisted manus 

(e) Normal glide 

(f) Twisted tail 

(g) Soaring 

(h) Landing 

gull 

gull 

gull 

Brahminy kite 

Brahminy kite 

A~'pine chough 

Alpine chough 
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92 .. 

Some differences in technique have been noted as well 

as the variations in geometry and a few further examples of 

particular configurations are given in Fig:61, described 

below. 

The angle of attack of the manus is clearly shown in 

(a) and (b) for the down and up strokes of a gull flying 

normally .. 

In (c) the manus is moving backwards and outwards and 

the wide separation of the primaries is very marked.. There is 

obviously considerable lift as well as thrust being produced 

by the manus in this position" 

The twisting of the manus about the wrist jolnt is 

shown in (d) and it appears that the elbow has been 

appreciably flexed in order to allow this movement. The 

wing is near the top of the upstroke and has commenced the 

backward kick produced by straightening. 

The Brahminy kite (HaLiastur indus) shown in (e) and 

(f) gliding slowly and uses the tail as a rudder in some 

circumstances. In (f) it is twisted through an angle of 

about 45° while remaining flat, and is bent to the left .. 

The last two are drawings of an Alpine chough 

(Pyrrhocorax graculus) soaring (g) and about to land (h) .. 

Both the kite and the chough, unlike the gulls, appear to 

use the tail as an auxiliary supporting surface when gliding. 



CHAPTER VI. 

CONTROL .. 



CHAPTER SIX .. 

6.. ,ST AB IL ITY AND CONTROL. 

6 II 1 General.. 

Rotation about the vertical ax (YY) is defined as 

yaw, about the transverse axis (ZZ) as pitch and about the 

longitudinal axis (XX) as roll (Fig:62) .. 

This chapter is suppl,ementary to Chapter V since a 

number of control aspects have been mentioned in discussing 

flight .. 

It must be reiterated, when considering the question 

of control, that most aircraft are stable whereas a flying 

animal is not .. 

6 .. 2 Yaw" 

93. 

Directional control for an aircraft in horizontal 

flight is maintained by the fixed vertical fin and the rudder 

and the system is inherently stable but, as the bird has no 

vertical fin, other means must be employed.. Directional 

stability is also aided by sweepback of the wings and this 

the bird can supply" 

A study of the gull when gliding reveals that the tail, 

is closed for most of the time and bent into a conical 

surface, concave upwards as shown in Fig:64(a). The axis 

of this cone is normally parallel to the X-axis but may be 

moved from side to side at will by rotation at the base.. If 



Figure: 62 

Figure: 63 

Figure: 64 

Definitions of control axes 

Stability (a) longitudinal 

(b) lateral 

Use of tail as a rudder 
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it be swung to one side the average direction of the air 

flow through it is no longer parallel to XX and a side 

thrust is developed tending to swing the body about TIe 

In Fig:64(b) the base of the tail has been rotated in a 

clockwise direction thus moving the axis of the cone to 

the left and producing a force, on the tail, to the right. 

Since, in general, the amount of fortuitous yaw should be 

small only small correcting forces are required. 

94. 

The yawing moment may be greatly assisted, if 

required, by adjustment of the wings. Thus if, say, the 

right wing be extended and the left retracted and adjusted 

to give the same lift (in order to prevent roll) there will 

be a net moment about YY due to the movement of the 

centres of drag on the wings. Although the increased angle 

of attack of the left wing necessary to produce the required 

lift, will result in increased drag the resultant is closer 

to the body so that the moment about YY can still be less 

than for the right wing. 

6.3 Pitch. 

In the steady state the total lift balances the 

weight and the lines of action both pass through the centre 

of gravity (Fig:63(a», thus the system is in equilibrium. 

Since the wings are at the top of the body the resultant lift 

can be above the centre of gravity, in which case the system 

is in stable equilibrium. 



Control in pitch is, therefore, very easily achieved 

by moving the resultant lift forward or aft as required and 

this may be done by moving the whole wing from the shoulder 

or the manus alone as circwnstances require .. 

The tail may be raised or lowered and thus act as the 

elevators on an aircraft but this is usually only done when 

landing, taking off or hovering in the species discussed at 

length herein. However, note the comments on the Brahminy 

kite and the Alpine chough at the close of Chapter V which 

also apply to many other species .. 

In the steady state, the resultant lift of the two 

wings will be equal and the same distance from the centre 

line so that equilibrium obtains (Fig:63(b» .. 

6.4 .&ll.1 .. 
Rolling may be corrected or induced by one of three 

methods .. 

(a) Folding one wing slightly, thus reducing the 

area and lift and bringing the resultant 

closer to the body. 

(b) Altering the angle of attack of the whole wing. 

(c) Altering the angle of attack of the manus only 

thus using it as an aileron .. 

Any combination of these methods may be used and, as 

discussed in the section on gl iding in Chapter V, such 

combinations appear to be the normal procedure .. 

95. 



Figure: 65 Effect of roll on lift 

Figures: 66 and 67 Forces involved during turn 
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The fact that the wings droop towards the tips and 

therefore have, in effect, a negative dihedral shows that 

the system is not stable.. If the wings be considered as 

rigid any departure from the horizontal position will cause 

the lower wing to lose lift due to the reduction in 

projected area and the upper to gain lift due to increased 

projected area. Fig:65,(a)is the level state and (b) is 

the rolled. In both cases 1 may be taken as the projected 

area of a wing and in (b) 1, is obviously greater than 12 " 

This instability makes for a high degree of manoeuvreability 

and is no disadvantage since the whole mechanism is so 

flexible" 

6 .. 5 Turning. 

96. 

This is a manoeuvre in its own right since it involves 

both yaw and roll.. In a correctly executed turn an aircraft 

is rolled so that the resultant of the weight and the 

centripetal forces acts along the Y-axis of the machine. 

Presumably, in general the same will apply to a bird and, in 

any case, it would be difficult for the latter to execute a 

flat turn since there is no vertical rudder to produce the 

necessary force. In Fig: 66, L is the total lift force, 

W the weight and C.F .. the centripetal force necessary to 

keep the animal following a curved path. 

A bird may execute a turn in the following manner, 

using both wings and tail .. 



1) A roll is initiated by altering the balance 

of lift between the two wings. 

2) Once the Z-axis is inclined, if the resultant 

lift of the wings be moved forward of the 

centre of gravity, there will be a moment 

about ZZ tending to pull the head round in 

the direction of the roll. Fig: 67(a). 

3) If necessary; in the rolled position the tail 

may be used to assist turning by moving it in 

a dorsal direction. Fig: 67(b). 

6.6 Conclusion. 

Only a general picture of some control actions is 

given above. There are many combinations which may be used 

as required. In an emergency, for instance, the bird can 

stop very quickly by stalLing and then, by a vigorous 

thrust of one or other wing, fly off in a new direction. 

97. 



CONCLUSIQN .. 



CHAPTER SEVEN. 

70 CONCLUSION. 

The wing may be likened to a system of mechanical 

linkages and actuators such as is used in an aircraft 

except that it is, of course, far more complex than the 

latter. 

The bones and joints are such that the wing is 

sufficiently strong and rigid yet is light and may take 

any shape, within limits, required by circumstances.. The 

muscles are the actuators and the primary means of setting 

the wing and some of them supply the motive power necessary 

to propel the animal through the air. 

98. 

The experimental work on the anatomical side has been 

concerned with determining the effect of muscle contraction, 

the exact route followed by the tendons and the points of 

insertion with respect to the articular surfaces. With 

this information it is possible to deduce the direction of 

the forces on a component and the interaction of these with 

the aerodynamic forces. The analytical side of the work was 

devoted to the study of a large number of high speed 

cinematograph films of birds in various flying modes in 

order to determine the aerodynamic actions. 

,':. 
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The analysis of the forces on various parts of the 

wing, while being qualitative rather than quantitative in 

any strict sense, is necessary in order to ensure that 

muscle actions are not misinterpreted. For instance it is 

sho~~ that the pronators and supinator of the forearm are 

primarily used for resisting the moment about the latter 

caused by the loading on the vling distal to the ulna axis .. 

Again, during the upstroke when this is being used 

propulsively, there is a forward force on the distal 

phalanx of digit III. Forward flexion of the joint is not 

desirable and the form is such that this would, in any case, 

be difficult without straining the posterior ligaments e 

This, then, partly explains the tendon run and insertion of 

M0 interosseus palmaris" Since it runs over the posterior 

edge of the post-distal extension of phalanx 1 (see Fig:21) 

to insert on the posterior edge of phalanx 2 it acts as a 

powerful reinforcement to the ligaments. 

If the direction of the forces and the plane of the 

moment are known, the form of the joint can be shown to be 

eminently adapted thereto. 

The elbow joint must be able to resist a moment in a 

plane at right angles to the axis of the forearm and yet not 

be so rigid as to preclude rotation of the wrist.. A simple 

hinge joint would satisfy the first requirement but not the 

second and w:mld also cause difficulty in folding.. In the 
'tHE LIBRARY 
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folded position distal end of the forearm 'falls below 

the head of the humerus in order to allow the manus ta lie 

ventra-dorsally along the side of the body. wnile this 

could be done with a simple hinge having an inclined pin 

wrist would be constrained to move in a plane at right 

ang to the In these c umstances the sition of 

wrist with respect to the humerus in the partly flexed 

100 

would rigidly prescribed and general flexibil 10stC!> 

At the wrist one the most notable features .is the 

os ulnare which 1 post-ventral to the main joint.. The 

of the joint proper is not very great but there a 

considerable moment here when the extended wing moving 

ly downwards. Hence some add ional strengthening is 

and is ided by the os ulnare. During 

upstroke the outer wing lags behind the inner until near 

upper limit of movement so that there is a downward flexing 

at wrist. The os ulnare in no way interferes with this 

since it tends to move posteriorly out of the way.. This 

compound joint at the wrist consisting of the two carpals 

and their connecting cartilage, the distal ends of the 

radius ulna and the metacarpus permits a large angular 

movement during folding.. The downward droop of the manus 

often noted in birds when gliding does not conduce to 

aerodynamic stability, which later has been shown not to be 

important, but it does decrease the load on the ventral 

muse s and ligaments produced by the force on 
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outer wing .. 

The second phalangeal joint is a further illustration 

of good design. The load here is almost entirely due to the 

first primary feather since this and some coverts are all 

that is mounted thereon. The only movement required of 

the feather in flight is a slight rotation and for this 

provision has been made (Fig: 6).. A simple swivel joint 

would be unsuitable since there must be provision for some 

flexing in order to prevent breakage due to accidental 

encounters with external objects.. The four muscles, 

M.M.extensor indicis longus, flexor digitorum profundus, 

interosseus palmaris et interosseus dorsalis are SO arranged 

that they can produce slight rotation of the phalanx as well 

as bracing it against flexing. 

Analysis of the photographs and visual observation 

backed by the mechanical concept of the wing have brought 

several several interesting points to light. 

The wings of a bird in a steady glide are usually 

spread in the form of a shallow M as viewed along the 

X-axis. In these conditions it is noted that the primaries, 

in all species here examined with the exception of Hemiphaga, 

show no upward bending.. Hemiphaga has been excluded in the 

above because, being rare, observations have been few and 

inconclusive but there is no obvious reason why the same 



pattern should not hold in this case. The fact tnat the 

primaries are not bent indicates that the loading is 

light and confirms the original conjecture that the centre 

of pressure for the wing as a whole will be as close to the 

body as possib in order to reduce the load on the wrist 

joint and on pectoral muse .. 

ing, the X-axis of the body is steeply 

inclined and wings svlee'p forward in a nearly horizontal 

plane with the chord almost vert l® If the body 

not sufficiently inclined this movement is 

dropping the elbows during the forward sweep.. The wings 

are sub ly raised with the llel to the 

resultant flow over them thus giving minimum downward 

force on the body and little thrust" This action is d f 

to exhibit in a series of still f (Fig: 59), but 

quite clear when running slow-motion films. It is said 

the aerodynamic force on the wing at any instant is, in 

general, applied such a position that tends to alter 

the wing setting 

ies to all 

the direction of decreasing load" This 

s except the shoulder and here the 

statement does not always hold good@ cases when the 

statement is true the requisite muscles act in opposition 

to this and permit a greater or less according to 

102. 

their tensions" 

the manus is, 

an example, the moment about the skeleton 

gliding say, such as to produce 
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pronation with a consequent decrease in angle 'of attack and 

load.. This movement is restrained chiefly by M.flexor carpi 

ulnar acting through the os ulnare. During an upstroke, 

when the pressure is on the upper surface, the tendency to 

supinate opposed by M.obliquus, the tendon of which runs 

over the anterior face of the os radiale to an insertion on 

venttal surface of the metacarpus and has a powerful 

pronating action" 

The wing is light, strong, flexible and appears to be 

extremely eff ient as an aerofoil.. The camber may be 

altered by muscular action so that, when required, increased 

Lift available and the form remains such as to give a 

value of the lift/drag ratio. The trailing edge is 

extremely thin and capable of flexion without damage. This 

flexibility allows the trailing edge to bend upwards thus 

forming a reflex aerofoil (see Fig: l(c)) which has several 

advantages. The fore and aft movement of the centre of 

pressure, due to changes in angle of attack, is far less 

than with the more conventional aerofoil and the point of 

separation 

closer to 

the flow over the upper surface is moved much 

trailing edge and thus reduces the drag .. 

In the photographs of birds gliding there is no sign 

of the coverts lifting, as would be probable if breakaway of 

the flow had occurred, except at high angles of attack 

caused by up gusts .. 
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APPENDIX I .. 

W LNG LOAD LNG .. 

The load curves (Figs:68 and 69) are quite arbitrary 

except in that they satisfy the observed wing shape and 

give reasonable forces at the joints. The first trial 

curve was sketched in and mod ied slightly to bring the 

resultant centre of pressure nearer to the body.. The loading 

near the root was increased' when it was realised that, with 

the very sweet blending of the wing into the body, the lift 

could be high in this region. It is possible that this 

latter lift could be even higher but it was judged better 

not to work on this assumption. until experimental 

verification is available. 

It should be noted that, for a rigid untwisted wing, 

the drag is a minimum when the spanwise loading curve is 

an ellipse. However, again for a rigid wing, this loading 

may be modified by introducing twist and the drag be thereby 

reduced to a minimum for one particular angle of setting 

(see "Elements of Aerofoil and Airscrew Theory", Glauert 

1948).. Since the twist and camber of the bird's wing may 

be varied at will it seems reasonable to suppose that the 

drag is normally kept at the minimum value. 

The load curves and quarte.r point positions are given 

in Fig: 68 for Colum~ and in Fig: 69 for Larus dominicanus. 



Figure: 68 Geometry of the wing and 

loading distribution Columba livia 
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All the quarter points, except those inboard of the elbow, 

and the centre of pressure are forward of the Z axis in 

both species. 

The data for ,£olwnba is given below and in Table VII .. 

Colwnba livia 

Half weight 150 .. 1 g .. 

Wing length 30 cm. 

Wing· area 261 .. 7 2 cm .. 

Average wing loading 0 .. 575 2 gf/cm .. 

Mean lift coefficient 0.51 

Total drag 12.9 1 gf .. 

Centre of pressure from XX 6 .. 5 cm .. 

from ZZ 0 .. 24 cm .. (ant,,) 

The following table (Table VII) gives values of the 

various functions and parameters at the different stations .. 

~. 1 The symbol gf .. is used to indicate a force 

(= 981 dynes) as opposed to g .. for a mass .. 

115. 
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TABLE VII .. 

Station Load Loading M(X) M(Z) 

gf .. gf/em~ gf/em" gf/em. 

1 0.3 ..04 8.2 0 
2 0.4 .. 04 10 .. 2 -0. 1 
3 0.6 .. 05 14,,0 -0,,3 
4 1 .. 4 ,,09 29.9 -1.3 
5 1 .. 8 0 .. 11 34 .. 8 -2 .. 0 
6 2 .. 3 0 ... 133 39.7 -2 .. 8 
7 3 .. 4 0 .. 18 51" 9 -4 .. 2 
8 5 .. 0 0 .. 22 66 .. 1 -7 .. 3 
9 9 .. 2 0.39 102 .. 9 -"' .. 2 

10 19 .. 5 0" 76 178,,6 -19,,8 
11 25.7 0.94 183.2 -20,,8 
12 27.0 1..09 137.7 0 
13 27,,0 1..63 82 .. 9 +15 .. 4 
14 26.5 1 .. 7 27.6 +19 .. 3 

Total 967.7 -35.7 

For Larus dominieanus_the data is given below and 

in Table V III" 

Larus dominieanus 

Half weight 370 .. 6 g. 

Wing length 62 .. 5 em" 

Wing area 757 .. 2 2 
em" 

Average loading 0,,49 gf/em~ 

Mean t coefficient 0 .. 44 

Total drag 29,,9 gf .. 

Centre of pressure from XX 14 .. 5 em" 

from ZZ 0,,85 em. (ant .. ) 



Figure: 69 Geometry of wing and 

loading distribution Larus dominicanus 
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Table VIII below gives further details .. 

TABLE VIlle 

Station Load Loading M(X) M(Z) 

gf .. gf/em~ gf/em .. gf/em. 

1 0 .. 5 ,,037 30.0 -0,,6 
2 1 .. 0 .043 55.2 -2 .. 3 
3 1..4 .. 048 70,,7 -4 .. 7 
4 2 .. 2 ,,053 100.5 -8 .. 1 
5 3,,5 ,,060 143.4 -14 .. 5 
6 6 .. 0 .. 094 217 .. 1 -24 .. 9 
7 11 .. 0 o. 150 345 .. 7 -46.0 
8 25,,0 0.317 666 .. 8 -97 .. 2 
9 49 .. 0 0.582 1073 .. 6 -149 .. 5 

10 64 .. 0 0 .. 793 1097.6 -59 .. 2 
11 70.0 0 .. 927 866,,6 +31 .. 5 
12 69,,0 0.928 529.2 +47 .. 6 
13 68 .. 0 0 .. 944 161 .. 8 +10,,2 

Total 5358 .. 2 -317 .. 3 

If the whole of the load at the shoulder be taken by 

M .. pectoralis there will be a considerable positive moment 

about due to the projection the deltoid crest 

forward of the axis. However M .. M .. latissimus dorsi, 

subscapularis et subcoracoideus not only help in supporting 

the body but, being inserted posterior to ZZ, tend to 

neutralise the moment due to M .. pectoralis .. 

Fig: 70 is a dorsal view of the humeral head in whieh 

(a) and (b) are the co-ordinates of the mean pectoral 



Figure: 70 Positions (estimated) of the 

effective insertion points of 

certain muscles 

Figure: 71 Effect of extending the manus 

and moving the wing tip forward 
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insertion while (c) and (d) are the estimated values for 

the mean insertion of the other three muscles considered 

as a single unit. 

The values are estimated to be as follows:-

a =: 1 .. 35 cm .. 

b :::: 0 .. 25 cm" 

c :: 0.5 em .. 

d := 0 .. 4 cm .. 

Moving the wing tip forward by extension of the manus 

only (Fig: 71) causes an increase in M(Z) as a supinating 

moment without having any appreciable effect on M(X).. A 

forward movement of the wing tip of 3 .. 3 cm .. , as in the 

figure, changes M(Z) from -36 .cm. to -84 gf.cm.. with 

consequent change in the distribution of the forces between 

the muscles as shown below. 

1 .. M .. peetoralis alone 

Load (pect .. ) :::: M(X) 968 717 gf .. 1 .. 35 
:::: 

a 

M(Z) :: 717 x 0 .. 25 :::: 179 gf .. cm .. 

2 .. All muscles 

Load (peete) 609 gf .. 

Load (others) 291 gf. 

M(Z) :::: 0 .. 25 x 609 - 0.4 x 291 :: 35 .. 9 gf.cm .. 

The net moment about ZZ is reduced to a very small value .. 



3.. As in 2 .. above but with wing tip moved forward 3 .. 3 em .. 

f 

Load (peet,,) 

Load (others) 

M(Z) 

645 gf .. 

194 gf .. 

= 0.25 x 645 - 0,,4 x 194 = 83.7 

The net moment about ZZ is small as before .. 

The angle of glide, that is the angle between the 

path and the horizontal in still ) is 

approximately 50 in both cases. 

119. 



Figure: 72 The effect the Alula 

(a) raised alula 

(b) aerodynamic fence 
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APPEND IX I I. 

A NOTE ON THE ALULA. 

There has been considerable speculation as to the 

function of the alula and, until an experimental technique 

has been devised and data obtained, it will be difficult to 

be inite on the subject .. 

When the alula is raised forms a slot along the 

leading edge of the proximal part of the manus.. The 

proportion of the manus thus treated varies but it is always 

short compared with a similar device on aircraft .. 

In some birds, notably the larger gliding sea birds 

(Alba~ross and the like), the alula appears to open seldom, 

ever, but with land gliders (eagle, hawk) it is in 

constant use.. When open it is often flexed upwards to a 

considerable degree thereby reducing the effective length 

of the slot still further, as shown in Fig: 72. 

The following is a possible explanation of its 

function, which does not appear to have been propounded 

elsewhere, based on the fact that there can be a very 

change in angle of attack in the v inity of the wrist .. 

When gliding it is important that the wing tips should 

not stall for, if they do, lateral control lost .. Stalling 

the in~er Wing, however, does not matter so much and is, 



in fact, frequently used when landing in order to reduce 

forward speed. In this case there is considerable 

turbulence over the inner wing and it is necessary to 

prevent this from disturbing the flow over the tip .. 

In aircraft a fence is sometimes fitted to the wing 

as shown in Fig: 72 in order to confine the disturbance to 

stalled portion" It may well be that the slot formed 

near the wrist produces a sufficiently strong unstalled 

flow near the wrist to act as a fence. When the alula is 

flexed as in Fig: 72 its function is probably changed to 

that a vortex generator which has the same effect as the 

fence in keeping the flow from breaking away from the wing 

surface .. 

In this case the alula provides an aerodynamic fence 

by one means or the other and this tends to confine the 

disturbed flow to the inner wing .. 

12L 
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APPEND IX Ill. 

WING-BEAT FREQUENCY. 

The subject of wing-beat frequency in relation to 

the natural frequency a vibrating system has been 

discussed by Sotavalta (1947) 1954), Pringle (1957) and 

Greenewalt (1960) with respect to wingse Greenewalt 

extended the subject to include some consideration 

bird wings, chiefly those of humming b 

The insect wing more nearly analQgous to a 

vibrating rigid cantilever than that of the bird,. s the 

latter is much more flexible .. 

In any case the minimum work will be done by the 

muscles the beat rate is close to the natural frequency 

of the vibrating system. 

For the simplest case the wing is considered as a 

cantilever (Fig: 73) with all the mass concentrated at m 

and restrained by the springs S, and S2 representing the 

shoulder muscles. fundament frequency of this 

is given by:-

f :: 
, / X2 (Sl ... S2) 

2-rr V ml 

This corresponds to the case of the wing moving as 

a whole, as the case during the first part the downstroke m 



Figure: 73 Wing as simple system 

Figure: 74 Wing as compound system 

S1 depressor muscles of shoulder 

82 levator muscles of shoulder 

muscles of wrist 
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Since the mass and the distance x are fixed the 

frequency is affected by any alteration of 1, 81 and 

the latter representing the tensions of the muscles in 

opposition .. 

If the wing be in two parts flexibly connected 

F 74 replaces the system of Fig: 73. The frequency of 

Quter wing about the wrist joint at m is given by:-

fw 1 
:: 2 rr 

s ) 4 
1 )2 

1 

and for the wing as a whole, about the shoulder:-

f =: 

(2) 

(3) 

123. 

The wing is, therefore, not a simple oscillator and 

the periods of the two half strokes can be very different .. 

During the first half of the downstroke the wing is rigid 

and equation (3) appl s. During the remainder of this 

equation (2) tdll ~. to some extent, apply but it must 

remembered that the wrist starts its upward movement 

ore the manus has reached the limit of its downward 

movement" 

The air pressure produces a damping force and, 

whatever the complication of the beat the 

required will normally 



Figure: Aerodynamic ion Hanus 

(a) of 

(b) +5° angle attack 

(c) +9° of attack 

(d) forces on section primaries 



b 

\ 1 I \~ -------.. r' . __ 

d 



124 

EXTENSION OF THE MANUS. 

In order to determine the effect of aerodynamic forces 

on the manus, the wing of a fresh swan (CXgnus atratus) was 

severed at the shoulder and set in plaster to the elbow. 

The elbow joint was set in the fully extended position so 

that the extensor muscles and tendons of the man are as taut 

as possible .. 

The wing was then mounted in the wind tunnel on a 

turntable and tested at an air speed of about 50 ft./sec. 

As the angle of attack was varied from a few degrees 

negative to a high positive value the manus extended, this 

being due to aerodynamic force alone. 

Fig: 75 shows the wing in three positions" In (a) 

the angle of attack is approximately _5° and it will be 

seen that is considerable sweep back of the leading edge .. As 

the angle of attack is increased to about +5 0
, (b), the 

leading edge advances and tpe primaries spread to some 

extent & Increasing the angle of attack to +90
, (c), the 

extension has reached the normal limit of forward movement. 

This shows conclusively that the reaction on the 

leading primaries is in a forward direction. 

Fig: 75(d) represents a section near the tip and shows 

the overlapping primaries and the direction of the forces 

on S9 .. 
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