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    Across land, water, and air, life confronts the same task of turning form into motion, and Animal Locomotion; or, walking, swimming, and flying by James Bell Pettigrew pursues this unifying problem by tracing how steps, strokes, and wingbeats harness forces, negotiate resistance, and conserve energy, showing that what seems varied in nature obeys shared mechanical principles that bind together the gait of a walker, the undulations of a swimmer, and the arcs of a flyer into a coherent, intelligible whole for readers interested in how bodies move through different media under persistent physical constraints.

This work is a scientific treatise situated within the Victorian era’s expanding dialogue between biology and mechanics, appearing in the 1870s and engaging with contemporary anatomical and physical inquiry. Authored by James Bell Pettigrew, an anatomist and naturalist, the book belongs to the lineage of comparative studies that seek general principles across species rather than cataloging isolated cases. Its context is one of synthesis: physiological observation interpreted through the lens of classical mechanics, with walking, swimming, and flying treated as parallel expressions of a single problem—how structure generates propulsion, stability, and control in environments shaped by gravity, inertia, and resistance.

The premise is straightforward and expansive: to analyze movement in three domains by examining how limbs, fins, and wings produce support, thrust, and steering. Readers encounter methodical, explanatory prose that moves from observation to mechanical reasoning, trading sensational claims for steady accumulation of insight. The experience is didactic and comparative, emphasizing patterns—gaits, undulations, flapping schemes—without reducing them to mere taxonomy. Pettigrew’s voice is measured and analytical, inviting patient attention to how forms interact with physical laws. Rather than offering narrative drama, the book provides a rigorous intellectual journey through the logic of motion, accessible to careful, conceptually curious readers.

A central theme is unity amid diversity: the shared physics that underlie seemingly disparate movements. The analysis foregrounds economy—how animals balance power and efficiency—while also treating stability and maneuverability as trade-offs shaped by medium and morphology. Questions of scale and proportion arise naturally, as different sizes and structures imply different strategies for support and propulsion. The book underscores that locomotion is problem-solving in action, with solutions encoded in anatomy and realized in motion. By tracing recurring patterns across terrestrial, aquatic, and aerial life, it encourages readers to recognize continuity rather than fragmentation in the natural world’s strategies for getting from place to place.

Within the publication context of nineteenth-century science, the treatise exemplifies a growing commitment to integrate physiology and physics. It does not isolate walking, swimming, and flying as curiosities; it treats them as interconnected expressions of mechanical design in living systems. The tone is formal yet exploratory, drawing on the period’s confidence in comparative analysis to reveal order in variety. While anchored in its time, the work’s ambition—to infer general principles from careful anatomical study—aligns with approaches that continue to inform modern discussions in biomechanics. It stands as a clear statement of method: observe closely, reason from first principles, and compare across cases.

For contemporary readers, the book’s value lies in its clarity about fundamentals: forces, structures, and motions linked in intelligible ways. Those interested in zoology, physiology, or bio-inspired engineering will find a framework for thinking about propulsion, drag, lift, support, and control that remains conceptually relevant. The emphasis on efficiency and constraint resonates with current concerns in design and sustainability, reminding us that elegant solutions often arise from negotiating limits. Its comparative stance encourages interdisciplinary thinking, suggesting that insights in one domain—land, water, or air—can illuminate another, and that understanding locomotion begins with attending to the interplay of form and environment.

Approached as a sustained inquiry rather than a quick survey, Animal Locomotion; or, walking, swimming, and flying rewards readers who enjoy systematic exposition and cumulative argument. Pettigrew guides attention from visible motions to underlying principles, making the act of movement intelligible without draining it of wonder. The result is a study that is both rigorous and inviting, offering a vantage from which the diversity of animal motion resolves into patterns that can be understood and compared. For those drawn to careful reasoning about nature, it provides an engaging, historically grounded portal into how bodies move—and why those motions take the forms they do.
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    James Bell Pettigrew’s Animal Locomotion examines how animals move on land, in water, and through the air, aiming to distill common mechanical principles from diverse forms. The work surveys anatomical structures and the physical forces they engage, relating motion to weight, resistance, leverage, and elasticity. Drawing on observation, comparative anatomy, and mechanical models, Pettigrew presents an organized account of walking, swimming, and flying, culminating in a dissertation on aeronautics that applies biological lessons to machines. The narrative proceeds from general principles to specific cases, using examples from numerous species to illustrate how structure and medium jointly determine modes of progression.

The book opens by outlining fundamental laws of motion as they apply to animals. Pettigrew frames locomotion as a problem of support, propulsion, and balance, governed by the interplay of mass, muscular power, and environmental resistance. He emphasizes the strategic arrangement of joints and levers, noting how elasticity stores and returns energy in tendons and tissues. The discussion introduces the idea that rotary or spiral components frequently appear in natural movement and in the architecture of appendages. These mechanical preliminaries provide the vocabulary used throughout the work, allowing later sections to compare the work done against the ground, water, or air under a single analytical scheme.

Pettigrew first treats progression on land, analyzing walking and running in bipeds and quadrupeds. He describes how limbs are sequenced to maintain stability while advancing the center of gravity, and how joint placement and limb length affect stride and speed. Special attention is given to the human foot, its arched construction, and the distribution of pressure during stance and push-off. He identifies the role of elastic structures in smoothing motion and economizing effort, and he reviews changes in gait with pace and terrain. The section establishes how terrestrial locomotion depends on alternating support, resilient springs, and carefully timed rotations at multiple joints.

Turning to swimming, the book examines how fishes and other aquatic animals negotiate a medium that yields and resists. Pettigrew details the undulatory motions of fishes, showing how lateral waves along the body and tail generate forward thrust while fins assist in balance and steering. He distinguishes the vertical tail strokes of aquatic mammals from the lateral sculling of fishes and notes variations among reptiles, amphibians, and invertebrates. The discussion also addresses streamlining, buoyancy, and the economy gained by flexible, fin-like surfaces. Principles derived from water resistance, reaction, and pressure distribution are developed as counterparts to those governing footing and support on land.

The analysis then moves to flight in insects, treating their wings as elastic, membrane-supported structures that twist and reverse during the stroke. Pettigrew describes how a combined downstroke and upstroke can both contribute to support and propulsion when the wing flexes and changes angle appropriately. He records differences among insect groups in wing shape, venation, and beat frequency, relating these to hovering, rapid maneuvering, or sustained flight. Observations on the thorax and muscular arrangement highlight mechanisms that store and release energy across strokes. The narrative introduces characteristic figure-like paths traced in space, reflecting continuous adjustments that maintain lift and thrust in air.

Bird flight receives an extended treatment, emphasizing the bony and muscular apparatus of the shoulder and breast, as well as the architecture of feathers. Pettigrew explains how twist along the wing span and graded feather movement regulate the air’s reaction on the downstroke and manage recovery on the upstroke. He distinguishes flapping, gliding, and soaring, relating each to wing form, surface area, and environmental currents. The tail is described as an adjustable surface aiding in elevation, braking, and steering. Throughout, the account stresses economy and control, showing how structural arrangements permit sustained support, directional stability, and efficient conversion of muscular effort into aerial work.

Bats are presented as a contrasting model, with membranous wings stretched over elongated fingers. Pettigrew notes how their compliant surfaces and jointed framework accommodate slower flight and tight maneuvering, while still conforming to the same underlying principles observed in birds and insects. The chapter compares skeletal support, muscular distribution, and the roles of leading and trailing edges across flying taxa. Emphasis falls on the widespread presence of twisting, screw-like action and on variable surfaces that adapt to changing conditions. This comparative approach reinforces the book’s thesis that diverse wing designs solve the same mechanical problems through analogous, recursively applied structural strategies.

Having surveyed walking, swimming, and flying, Pettigrew synthesizes the findings into general laws linking form to function. He highlights recurrent spiral arrangements in bones, muscles, and appendages, proposing that many animal propellers behave as fans or screws operating in yielding media. To test these ideas, the book describes mechanical models and artificial fins and wings that produce thrust by reciprocation and rotation combined. The analysis bridges natural and artificial devices, showing how flexible surfaces, properly timed, can generate forward reaction with minimal waste. This synthesis sets the stage for practical applications, arguing that biological solutions offer templates for efficient mechanical propulsion.

The concluding dissertation on aeronautics applies these principles to the design of ships, propellers, and proposed flying machines. Pettigrew outlines criteria for stability, efficiency, and control, emphasizing adjustable, elastic surfaces that mimic the adaptive twist of natural wings. He distinguishes between lift, thrust, and steering surfaces, and he discusses arrangements for power transmission and balance. The work closes by asserting that a common mechanical foundation underlies walking, swimming, and flying, and that careful study of animal structures can guide engineering practice. Thus, the book serves both as a comparative treatise on movement and as a framework for developing practicable means of artificial locomotion.
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    James Bell Pettigrew’s Animal Locomotion; or, walking, swimming, and flying appeared in London in 1873, at the height of Victorian Britain’s scientific self-confidence. The book emerged from metropolitan laboratories, museums, and lecture halls, yet it drew crucial materials from Scotland’s universities and from the imperial circulation of specimens. Railways, the steam press, and new societies amplified scientific debate, while the post-1851 exhibition culture promoted ambitious, technology-facing research. In this milieu of institutionalized science and public demonstration, Pettigrew sought to synthesize anatomy, physics, and engineering. The work is set against a Britain that was both a global collector of natural forms and a crucible for applying natural knowledge to machines.

The Darwinian controversies shaped scientific discourse after Charles Darwin’s On the Origin of Species (1859), followed by Variation of Animals and Plants (1868) and The Descent of Man (1871). The 1860 Oxford debate and the advocacy of figures such as T. H. Huxley and Joseph Hooker normalized comparative anatomy as evidence for adaptation. Pettigrew’s treatise, rich in functional comparisons among insects, birds, bats, fishes, and humans, mirrors this post-Darwinian emphasis on morphology and utility. While eschewing polemic, the book’s careful mapping of structure to performance resonates with contemporary evolutionary reasoning, presenting natural designs as solutions constrained by physics and thus legible to engineers and anatomists alike.

The professionalization of science underpinned Pettigrew’s approach. The British Association for the Advancement of Science (founded 1831), the Royal Institution (1799), and the Royal Society cultivated venues where anatomy could meet mechanics. The Aeronautical Society of Great Britain, founded in 1866 in London, created a dedicated forum for flight experiments and discussion. Pettigrew contributed to this network through lectures and papers in the 1860s and early 1870s; his election as a Fellow of the Royal Society in 1868 signaled recognition of his experimental rigor. The book reflects these institutional circuits, translating society-room demonstrations and museum dissections into a synthetic account of locomotion that addressed engineers and physicians alike.

Nineteenth-century aeronautics supplied both impetus and challenge. Sir George Cayley’s analyses of lift, drag, and cambered surfaces (c. 1799–1853) established a mechanical vocabulary later expanded by William Henson and John Stringfellow’s Aerial Steam Carriage patents and trials (1842–1848). Henry Giffard flew a steam-powered airship in 1852, while James Glaisher and Henry Coxwell ascended to extreme altitudes by balloon in 1862, probing the physiology of rarefied air. Francis Wenham’s 1866 work on multiple wings influenced the Aeronautical Society’s experiments, including Stringfellow’s model flights at the Crystal Palace in 1868. Pettigrew’s chapters on the wing as an efficient propeller directly engage this milieu, offering kinematic evidence and screw-like wing paths to guide, and sometimes correct, contemporary designers.

Advances in hydrodynamics and naval engineering reframed swimming. George Gabriel Stokes’s 1851 paper on viscosity and William Froude’s experiments on ship resistance (culminating in Admiralty-backed model testing at Torquay in 1871) quantified how bodies move through water. Froude’s law of comparison linked scale models to full-size hulls, enabling predictive design. Although Osborne Reynolds would formalize flow regimes in 1883, the 1860s–1870s already saw engineers demanding measurements, not metaphors. Pettigrew’s analyses of fins, tails, and body undulations echo this shift: by treating fish propulsion as a problem of pressure fields, vortical shedding, and elastic recoil, the book channeled contemporary naval science into a biological key useful to shipbuilders and physiologists.

New techniques for measuring motion transformed gait analysis. Étienne-Jules Marey, whose La machine animale appeared in Paris in 1873, introduced graphic methods that converted movement into analyzable traces, anticipating chronophotography. Eadweard Muybridge’s sequential photographs of a galloping horse in 1878 would soon fix public opinion about phases of motion. Pettigrew’s work arrives on the cusp of this quantification; he relies on linked anatomical diagrams, mechanical models of flapping wings, and timed observations to infer cyclic paths. The book thus mirrors a transnational push, in the 1860s–1870s, to replace impressionistic description with instrumented kinematics, and it supplied hypotheses that later photographic techniques would test and refine.

Reforms in medical and anatomical practice provided tools and legitimacy. The Anatomy Act of 1832 regularized cadaver supply to teaching hospitals and museums, while Joseph Lister’s 1867 antiseptic method fostered laboratory precision tied to clinical care. The Hunterian collections in London and Glasgow, alongside the Scottish medical schools at Edinburgh and Glasgow, created a pedagogical environment where comparative dissection could flourish. Pettigrew trained in this ecosystem and, in 1875, became professor of anatomy at the University of St Andrews. His book reflects these infrastructures: meticulous dissections of wings, fins, and limbs, museum-based comparisons across taxa, and a constant effort to align physiological function with demonstrable structure.

The treatise serves as a critique of the period’s speculative engineering and showmanship by insisting that progress in flight or propulsion must begin with exact observation of nature under physical law. In a culture dazzled by exhibitions and patents, Pettigrew exposes the limits of intuition and analogy, urging evidence-based design accountable to measurement. By comparing elite technological projects with humble biological solutions, he quietly challenges class-bound hierarchies of knowledge and redirects prestige from spectacle to method. The book further questions imperial triumphalism in technology by acknowledging that mastery depends on learning from organisms everywhere, advocating public, institutional support for slow, cumulative research rather than private bravado.
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The locomotion of animals, as exemplified in walking, swimming, and flying, is a subject of permanent interest to all who seek to trace in the creature proofs of beneficence and design in the Creator. All animals, however insignificant, have a mission to perform—a destiny to fulfil; and their manner of doing it cannot be a matter of indifference, even to a careless observer. The most exquisite form loses much of its grace if bereft of motion,[1q] and the most ungainly animal conceals its want of symmetry in the co-adaptation and exercise of its several parts. The rigidity and stillness of death alone are unnatural. So long as things “live, move, and have a being,” they are agreeable objects in the landscape. They are part and parcel of the great problem of life, and as we are all hastening towards a common goal, it is but natural we should take an interest in the movements of our fellow-travellers. As the locomotion of animals is intimately associated with their habits and modes of life, a wide field is opened up, teeming with incident, instruction, and amusement. No one can see a bee steering its course with admirable precision from flower to flower in search of nectar; or a swallow darting like a flash of light along the lanes in pursuit of insects; or a wolf panting in breathless haste after a deer; or a dolphin rolling like a mill-wheel after a shoal of flying fish, without feeling his interest keenly awakened.



Nor is this love of motion confined to the animal kingdom. We admire a cataract more than a canal; the sea is grander in a hurricane than in a calm; and the fleecy clouds which constantly flit overhead are more agreeable to the eye than a horizon of tranquil blue, however deep and beautiful. We never tire of sunshine and shadow when together: we readily tire of either by itself. Inorganic changes and movements are scarcely less interesting than organic ones. The disaffected growl of the thunder, and the ghastly lightning flash, scorching and withering whatever it touches, forcibly remind us that everything above, below, and around is in motion. Of absolute rest, as Mr. Grove eloquently puts it, nature gives us no evidence. All matter, whether living or dead, whether solid, liquid, or gaseous, is constantly changing form: in other words, is constantly moving. It is well it is so; for those incessant changes in inorganic matter and living organisms introduce that fascinating variety which palls not upon the eye, the ear, the touch, the taste, or the smell. If an absolute repose everywhere prevailed, and plants and animals ceased to grow; if day ceased to alternate with night and the fountains were dried up or frozen; if the shadows refused to creep, the air and rocks to reverberate, the clouds to drift, and the great race of created beings to move, the world would be no fitting habitation for man. In change he finds his present solace and future hope. The great panorama of life is interesting because it moves. One change involves another, and everything which co-exists, co-depends. This co-existence and inter-dependence causes us not only to study ourselves, but everything around us. By discovering natural laws we are permitted in God’s good providence to harness and yoke natural powers, and already the giant Steam drags along at incredible speed the rumbling car and swiftly gliding boat; the quadruped has been literally outraced on the land, and the fish in the sea; each has been, so to speak, beaten in its own domain. That the tramway of the air may and will be traversed by man’s ingenuity at some period or other, is, reasoning from analogy and the nature of things, equally certain. If there were no flying things—if there were no insects, bats, or birds as models, artificial flight (such are the difficulties attending its realization) might well be regarded an impossibility. As, however, the flying creatures are legion, both as regards number, size, and pattern, and as the bodies of all are not only manifestly heavier than the air, but are composed of hard and soft parts, similar in all respects to those composing the bodies of the other members of the animal kingdom, we are challenged to imitate the movements of the insect, bat, and bird in the air, as we have already imitated the movements of the quadruped on the land and the fish in the water. We have made two successful steps, and have only to make a third to complete that wonderfully perfect and very comprehensive system of locomotion which we behold in nature. Until this third step is taken, our artificial appliances for transit can only be considered imperfect and partial. Those authors who regard artificial flight as impracticable sagely remark that the land supports the quadruped and the water the fish. This is quite true, but it is equally true that the air supports the bird, and that the evolutions of the bird on the wing are quite as safe and infinitely more rapid and beautiful than the movements of either the quadruped on the land or the fish in the water. What, in fact, secures the position of the quadruped on the land, the fish in the water, and the bird in the air, is the life; and by this I mean that prime moving or self-governing power which co-ordinates the movements of the travelling surfaces (whether feet, fins, or wings) of all animals, and adapts them to the medium on which they are destined to operate, whether this be the comparatively unyielding earth, the mobile water, or the still more mobile air. Take away this life suddenly—the quadruped falls downwards, the fish (if it be not specially provided with a swimming bladder) sinks, and the bird gravitates of necessity. There is a sudden subsiding and cessation of motion in either case, but the quadruped and fish have no advantage over the bird in this respect. The savans[2] who oppose this view exclaim not unnaturally that there is no great difficulty in propelling a machine either along the land or the water, seeing that both these media support it. There is, I admit, no great difficulty now, but there were apparently insuperable difficulties before the locomotive and steam-boat were invented. Weight, moreover, instead of being a barrier to artificial flight is absolutely necessary to it. This statement is quite opposed to the commonly received opinion, but is nevertheless true. No bird is lighter than the air, and no machine constructed to navigate it should aim at being specifically lighter. What is wanted is a reasonable but not cumbrous amount of weight, and a duplicate (in principle if not in practice) of those structures and movements which enable insects, bats, and birds to fly. Until the structure and uses of wings are understood, the way of “an eagle in the air” must of necessity remain a mystery. The subject of flight has never, until quite recently, been investigated systematically or rationally, and, as a result, very little is known of the laws which regulate it. If these laws were understood, and we were in possession of trustworthy data for our guidance in devising artificial pinions, the formidable Gordian knot of flight, there is reason to believe, could be readily untied.

That artificial flight is a possible thing is proved beyond doubt—1st, by the fact that flight is a natural movement; and 2d, because the natural movements of walking and swimming have already been successfully imitated.

The very obvious bearing which natural movements have upon artificial ones, and the relation which exists between organic and inorganic movements, invest our subject with a peculiar interest.

It is the blending of natural and artificial progression in theory and practice which gives to the one and the other its chief charm. The history of artificial progression is essentially that of natural progression. The same laws regulate and determine both. The wheel of the locomotive and the screw of the steam-ship apparently greatly differ from the limb of the quadruped, the fin of the fish, and the wing of the bird; but, as I shall show in the sequel, the curves which go to form the wheel and the screw are found in the travelling surfaces of all animals, whether they be limbs (furnished with feet), or fins, or wings.

It is a remarkable circumstance that the undulation or wave made by the wing of an insect, bat, or bird, when those animals are fixed or hovering before an object, and when they are flying, corresponds in a marked manner with the track described by the stationary and progressive waves in fluids, and likewise with the waves of sound. This coincidence would seem to argue an intimate relation between the instrument and the medium on which it is destined to operate—the wing acting in those very curves into which the atmosphere is naturally thrown in the transmission of sound. Can it be that the animate and inanimate world reciprocate, and that animal bodies are made to impress the inanimate in precisely the same manner as the inanimate impress each other? This much seems certain:—The wind communicates to the water similar impulses to those communicated to it by the fish in swimming; and the wing in its vibrations impinges upon the air as an ordinary sound does. The extremities of quadrupeds, moreover, describe waved tracks on the land when walking and running; so that one great law apparently determines the course of the insect in the air, the fish in the water, and the quadruped on the land.

We are, unfortunately, not taught to regard the travelling surfaces and movements of animals as correlated in any way to surrounding media, and, as a consequence, are apt to consider walking as distinct from swimming, and walking and swimming as distinct from flying, than which there can be no greater mistake. Walking, swimming, and flying are in reality only modifications of each other. Walking merges into swimming, and swimming into flying, by insensible gradations. The modifications which result in walking, swimming, and flying are necessitated by the fact that the earth affords a greater amount of support than the water, and the water than the air.

That walking, swimming, and flying represent integral parts of the same problem [2q]is proved by the fact that most quadrupeds swim as well as walk, and some even fly; while many marine animals walk as well as swim, and birds and insects walk, swim, and fly indiscriminately. When the land animals, properly so called, are in the habit of taking to the water or the air; or the inhabitants of the water are constantly taking to the land or the air; or the insects and birds which are more peculiarly organized for flight, spend much of their time on the land and in the water; their organs of locomotion must possess those peculiarities of structure which characterize, as a class, those animals which live on the land, in the water, or in the air respectively.

In this we have an explanation of the gossamer wing of the insect[1]—the curiously modified hand of the bat and bird—the webbed hands and feet of the Otter, Ornithorhynchus, Seal, and Walrus—the expanded tail of the Whale, Porpoise, Dugong, and Manatee—the feet of the Ostrich, Apteryx, and Dodo, exclusively designed for running—the feet of the Ducks, Gulls, and Petrels, specially adapted for swimming—and the wings and feet of the Penguins, Auks, and Guillemots, especially designed for diving. Other and intermediate modifications occur in the Flying-fish, Flying Lizard, and Flying Squirrel; and some animals, as the Frog, Newt, and several of the aquatic insects (the Ephemera or May-fly for example1) which begin their career by swimming, come ultimately to walk, leap, and even fly.2

Every degree and variety of motion, which is peculiar to the land, and to the water- and air-navigating animals as such, is imitated by others which take to the elements in question secondarily or at intervals.

Of all animal movements, flight is indisputably the finest. It may be regarded as the poetry of motion. The fact that a creature as heavy, bulk for bulk, as many solid substances, can by the unaided movements of its wings urge itself through the air with a speed little short of a cannon-ball, fills the mind with wonder. Flight (if I may be allowed the expression) is a more unstable movement than that of walking and swimming; the instability increasing as the medium to be traversed becomes less dense. It, however, does not essentially differ from the other two, and I shall be able to show in the following pages, that the materials and forces employed in flight are literally the same as those employed in walking and swimming. This is an encouraging circumstance as far as artificial flight is concerned, as the same elements and forces employed in constructing locomotives and steamboats may, and probably will at no distant period, be successfully employed in constructing flying machines. Flight is a purely mechanical problem. It is warped in and out with the other animal movements, and forms a link of a great chain of motion which drags its weary length over the land, through the water, and, notwithstanding its weight, through the air. To understand flight, it is necessary to understand walking and swimming, and it is with a view to simplifying our conceptions of this most delightful form of locomotion that the present work is mainly written. The chapters on walking and swimming naturally lead up to those on flying.

In the animal kingdom the movements are adapted either to the land, the water, or the air; these constituting the three great highways of nature. As a result, the instruments by which locomotion is effected are specially modified. This is necessary because of the different densities and the different degrees of resistance furnished by the land, water, and air respectively. On the land the extremities of animals encounter the maximum of resistance, and occasion the minimum of displacement. In the air, the pinions experience the minimum of resistance, and effect the maximum of displacement; the water being intermediate both as regards the degree of resistance offered and the amount of displacement produced. The speed of an animal is determined by its shape, mass, power, and the density of the medium on or in which it moves. It is more difficult to walk on sand or snow than on a macadamized road. In like manner (unless the travelling surfaces are specially modified), it is more troublesome to swim than to walk, and to fly than to swim. This arises from the displacement produced, and the consequent want of support. The land supplies the fulcrum for the levers formed by the extremities or travelling surfaces of animals with terrestrial habits; the water furnishes the fulcrum for the levers formed by the tail and fins of fishes, sea mammals, etc.; and the air the fulcrum for the levers formed by the wings of insects, bats, and birds. The fulcrum supplied by the land is immovable; that supplied by the water and air movable. The mobility and immobility of the fulcrum constitute the principal difference between walking, swimming, and flying; the travelling surfaces of animals increasing in size as the medium to be traversed becomes less dense and the fulcrum more movable. Thus terrestrial animals have smaller travelling surfaces than amphibia, amphibia than fishes, and fishes than insects, bats, and birds. Another point to be studied in connexion with unyielding and yielding fulcra, is the resistance offered to forward motion. A land animal is supported by the earth, and experiences little resistance from the air through which it moves, unless the speed attained is high. Its principal friction is that occasioned by the contact of its travelling surfaces with the earth. If these are few, the speed is generally great, as in quadrupeds. A fish, or sea mammal, is of nearly the same specific gravity as the water it inhabits; in other words, it is supported with as little or less effort than a land animal. As, however, the fluid in which it moves is more dense than air, the resistance it experiences in forward motion is greater than that experienced by land animals, and by insects, bats, and birds. As a consequence fishes are for the most part elliptical in shape; this being the form calculated to cleave the water with the greatest ease. A flying animal is immensely heavier than the air. The support which it receives, and the resistance experienced by it in forward motion, are reduced to a minimum. Flight, because of the rarity of the air, is infinitely more rapid than either walking, running, or swimming. The flying animal receives support from the air by increasing the size of its travelling surfaces, which act after the manner of twisted inclined planes or kites. When an insect, a bat, or a bird is launched in space, its weight (from the tendency of all bodies to fall vertically downwards) presses upon the inclined planes or kites formed by the wings in such a manner as to become converted directly into a propelling, and indirectly into a buoying or supporting power. This can be proved by experiment, as I shall show subsequently. But for the share which the weight or mass of the flying creature takes in flight, the protracted journeys of birds of passage would be impossible. Some authorities are of opinion that birds even sleep upon the wing. Certain it is that the albatross, that prince of the feathered tribe[4], can sail about for a whole hour without once flapping his pinions. This can only be done in virtue of the weight of the bird acting upon the inclined planes or kites formed by the wings as stated.

The weight of the body plays an important part in walking and swimming, as well as in flying. A biped which advances by steps and not by leaps may be said to roll over its extremities,3 the foot of the extremity which happens to be upon the ground for the time forming the centre of a circle, the radius of which is described by the trunk in forward motion. In like manner the foot which is off the ground and swinging forward pendulum fashion in space, may be said to roll or rotate upon the trunk, the head of the femur forming the centre of a circle the radius of which is described by the advancing foot. A double rolling movement is thus established, the body rolling on the extremity the one instant, the extremity rolling on the trunk the next. During these movements the body rises and falls. The double rolling movement is necessary not only to the progression of bipeds, but also to that of quadrupeds. As the body cannot advance without the extremities, so the extremities cannot advance without the body. The double rolling movement is necessary to continuity of motion. If there was only one movement there would be dead points or halts in walking and running, similar to what occur in leaping. The continuity of movement necessary to progression in some bipeds (man for instance) is further secured by a pendulum movement in the arms as well as in the legs, the right arm swinging before the body when the right leg swings behind it, and the converse. The right leg and left arm advance simultaneously, and alternate with the left leg and right arm, which likewise advance together. This gives rise to a double twisting of the body at the shoulders and loins. The legs and arms when advancing move in curves, the convexities of the curves made by the right leg and left arm, which advance together when a step is being made, being directed outwards, and forming, when placed together, a more or less symmetrical ellipse. If the curves formed by the legs and arms respectively be united, they form waved lines which intersect at every step. This arises from the fact that the curves formed by the right and left legs are found alternately on either side of a given line, the same holding true of the right and left arms. Walking is consequently to be regarded as the result of a twisting diagonal movement in the trunk and in the extremities. Without this movement, the momentum acquired by the different portions of the moving mass could not be utilized. As the momentum acquired by animals in walking, swimming, and flying forms an important factor in those movements, it is necessary that we should have a just conception of the value to be attached to weight when in motion. In the horse when walking, the stride is something like five feet, in trotting ten feet, but in galloping eighteen or more feet. The stride is in fact determined by the speed acquired by the mass of the body of the horse; the momentum at which the mass is moving carrying the limbs forward.4

In the swimming of the fish, the body is thrown into double or figure-of-8 curves, as in the walking of the biped. The twisting of the body, and the continuity of movement which that twisting begets, reappear. The curves formed in the swimming of the fish are never less than two, a caudal and a cephalic one. They may and do exceed this number in the long-bodied fishes. The tail of the fish is made to vibrate pendulum fashion on either side of the spine, when it is lashed to and fro in the act of swimming. It is made to rotate upon one or more of the vertebræ of the spine, the vertebra or vertebræ forming the centre of a lemniscate, which is described by the caudal fin. There is, therefore, an obvious analogy between the tail of the fish and the extremity of the biped. This is proved by the conformation and swimming of the seal—an animal in which the posterior extremities are modified to resemble the tail of the fish. In the swimming of the seal the hind legs are applied to the water by a sculling figure-of-8 motion, in the same manner as the tail of the fish. Similar remarks might be made with regard to the swimming of the whale, dugong, manatee, and porpoise, sea mammals, which still more closely resemble the fish in shape. The double curve into which the fish throws its body in swimming, and which gives continuity of motion, also supplies the requisite degree of steadiness. When the tail is lashed from side to side there is a tendency to produce a corresponding movement in the head, which is at once corrected by the complementary curve. Nor is this all; the cephalic curve, in conjunction with the water contained within it, forms the point d’appui for the caudal curve, and vice versa. When a fish swims, the anterior and posterior portions of its body (supposing it to be a short-bodied fish) form curves, the convexities of which are directed on opposite sides of a given line, as is the case in the extremities of the biped when walking. The mass of the fish, like the mass of the biped, when once set in motion, contributes to progression by augmenting the rate of speed. The velocity acquired by certain fishes is very great. A shark can gambol around the bows of a ship in full sail; and a sword-fish (such is the momentum acquired by it) has been known to thrust its tusk through the copper sheathing of a vessel, a layer of felt, four inches of deal, and fourteen inches of oaken plank.5

The wing of the bird does not materially differ from the extremity of the biped or the tail of the fish. It is constructed on a similar plan, and acts on the same principle. The tail of the fish, the wing of the bird, and the extremity of the biped and quadruped, are screws structurally and functionally. In proof of this, compare the bones of the wing of a bird with the bones of the arm of a man, or those of the fore-leg of an elephant, or any other quadruped. In either case the bones are twisted upon themselves like the screw of an augur. The tail of the fish, the extremities of the biped and quadruped, and the wing of the bird, when moving, describe waved tracks. Thus the wing of the bird, when it is made to oscillate, is thrown into double or figure-of-8 curves, like the body of the fish. When, moreover, the wing ascends and descends to make the up and down strokes, it rotates within the facettes or depressions situated on the scapula and coracoid bones, precisely in the same way that the arm of a man rotates in the glenoid cavity, or the leg in the acetabular cavity in the act of walking. The ascent and descent of the wing in flying correspond to the steps made by the extremities in walking; the wing rotating upon the body of the bird during the down stroke, the body of the bird rotating on the wing during the up stroke. When the wing descends it describes a downward and forward curve, and elevates the body in an upward and forward curve. When the body descends, it describes a downward and forward curve, the wing being elevated in an upward and forward curve. The curves made by the wing and body in flight form, when united, waved lines, which intersect each other at every beat of the wing. The wing and the body act upon each other alternately (the one being active when the other is passive), and the descent of the wing is not more necessary to the elevation of the body than the descent of the body is to the elevation of the wing. It is thus that the weight of the flying animal is utilized, slip avoided, and continuity of movement secured.

As to the actual waste of tissue involved in walking, swimming, and flying, there is much discrepancy of opinion. It is commonly believed that a bird exerts quite an enormous amount of power as compared with a fish; a fish exerting a much greater power than a land animal. This, there can be no doubt, is a popular delusion. A bird can fly for a whole day, a fish can swim for a whole day, and a man can walk for a whole day. If so, the bird requires no greater power than the fish, and the fish than the man. The speed of the bird as compared with that of the fish, or the speed of the fish as compared with that of the man, is no criterion of the power exerted. The speed is only partly traceable to the power. As has just been stated, it is due in a principal measure to the shape and size of the travelling surfaces, the density of the medium traversed, the resistance experienced to forward motion, and the part performed by the mass of the animal, when moving and acting upon its travelling surfaces. It is erroneous to suppose that a bird is stronger, weight for weight, than a fish, or a fish than a man. It is equally erroneous to assume that the exertions of a flying animal are herculean as compared with those of a walking or swimming animal. Observation and experiment incline me to believe just the opposite. A flying creature, when fairly launched in space (because of the part which weight plays in flight, and the little resistance experienced in forward motion), sweeps through the air with almost no exertion.6 This is proved by the sailing flight of the albatross, and by the fact that some insects can fly when two-thirds of their wing area have been removed. (This experiment is detailed further on.) These observations are calculated to show the grave necessity for studying the media to be traversed; the fulcra which the media furnish, and the size, shape, and movements of the travelling surfaces. The travelling surfaces of animals, as has been already explained, furnish the levers by whose instrumentality the movements of walking, swimming, and flying are effected.



By comparing the flipper of the seal, sea-bear, and walrus with the fin and tail of the fish, whale, porpoise, etc.; and the wing of the penguin (a bird which is incapable of flight, and can only swim and dive) with the wing of the insect, bat, and bird, I have been able to show that a close analogy exists between the flippers, fins, and tails of sea mammals and fishes on the one hand, and the wings of insects, bats, and birds on the other; in fact, that theoretically and practically these organs, one and all, form flexible helices or screws, which, in virtue of their rapid reciprocating movements, operate upon the water and air by a wedge-action after the manner of twisted or double inclined planes. The twisted inclined planes act upon the air and water by means of curved surfaces, the curved surfaces reversing, reciprocating, and engendering a wave pressure, which can be continued indefinitely at the will of the animal. The wave pressure emanates in the one instance mainly from the tail of the fish, whale, porpoise, etc., and in the other from the wing of the insect, bat, or bird—the reciprocating and opposite curves into which the tail and wing are thrown in swimming and flying constituting the mobile helices, or screws, which, during their action, produce the precise kind and degree of pressure adapted to fluid media, and to which they respond with the greatest readiness.

In order to prove that sea mammals and fishes swim, and insects, bats, and birds fly, by the aid of curved figure-of-8 surfaces, which exert an intermittent wave pressure, I constructed artificial fish-tails, fins, flippers, and wings, which curve and taper in every direction, and which are flexible and elastic, particularly towards the tips and posterior margins. These artificial fish-tails, fins, flippers, and wings are slightly twisted upon themselves, and when applied to the water and air by a sculling or figure-of-8 motion, curiously enough reproduce the curved surfaces and movements peculiar to real fish-tails, fins, flippers, and wings, in swimming, and flying.
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