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Introduction


                    Then God said, “Let us make man in our image, after our likeness . . .” So God created man in his own image.


—Genesis 1:26–27 (RSV)


That’s as much as the Bible has to say about the origin of man and why we are as we are: if we take the above verses literally, God just felt like making a species that looked like him. As explanations go, it’s pretty thin—one wonders, for instance, why God happened to be humanoid in the first place. Not that the rest of the living world fares much better. The only vague allusion in the first pages of Genesis to a possible link between an organism’s form and its way of life is the description of birds as winged. Such reticence is hardly surprising, given that curiosity is denounced as the mother of all sins a couple of chapters later. Righteousness apparently requires that we take everything for granted. Fortunately, we ended up ignoring this prescription: the first rule of a post-Darwinian, evolutionary worldview is that when it comes to life, we should take absolutely nothing for granted. Living things are as they are largely as a result of the process of adaptation: the gradual accumulation of favorable mutations over countless generations by the action of natural selection.


Now, some would have it that natural selection is therefore the one and only answer to any question about life. But while this claim is sort of true, at least as far as the adaptive features of organisms are concerned, pointing at a single element in a causal chain hardly amounts to an intellectually satisfying explanation. However, we’d be forgiven for thinking that this is about as far as we can go. It’s all very well accepting the authority of natural selection as the agent of adaptive change, but the genetic mutations that create the variation upon which natural selection acts occur by chance. Furthermore, the eventual fate of a mutation hinges on the particulars of the environment in which a population happens to find itself. Are we really any the wiser? Is evolutionary history just one damned thing after another—a long sequence of specifics and contingencies? Have we succeeded only in replacing God with Fortune?


Some would argue that this is indeed the case. Ernest Rutherford—widely regarded as the father of nuclear physics—once said that “physics is the only science; all else is stamp collecting.” And while he would never have sanctioned such scornful language, evolutionary biologist Stephen Jay Gould was really on the same page when he declared that any rerun of the tape of evolution would produce a living world utterly alien to the one we know. In saying this, Gould was tacitly agreeing that, on the grand scale, evolution is an incomprehensible, unruly beast—opaque to the order-seeking searchlight of science. In this book I offer a wholly different view, for I believe that, contrary to first impressions, there is a way of making deeper sense of ourselves and other living things. Life, you see, despite its overwhelming diversity, has a single overriding theme—one that has dominated evolutionary possibility from the very outset. That theme is locomotion—the apparently simple act of moving from one place to another.


It was pterodactyls that showed me the light. These were the animals that attracted my attention when I first became a research zoologist. My choice of subject was partly driven by the usual childhood dreams of dragons and lost worlds not quite snuffed out by a scientific education (thankfully), but it was also a pragmatic one. Flight is not something to be tackled lightly—after all, we humans cracked it only one hundred years ago—so I reasoned that natural selection must have had a particularly tunnel-visioned concern when it came to the pterodactyls. The unforgiving physical demands of flight would surely have dominated their form and behavior completely, as is the case today for bats, birds, and, indeed, man-made aircraft. Such stringent limitations on evolutionary possibility are an absolute godsend for a paleontologist. If I bore these constraints in mind, I thought, then even with limited help from the fossils, and obviously no chance to observe the animals’ behavior directly, I could still go a long way toward reanimating the objects of my affection.


I’m happy to report that my faith was justified. With aerodynamics as my guide, even the most basic data became a rich source of information. Although my later work involved virtual reconstructions and wind tunnel tests, the first thing I did was take my chosen species—a magnificent beast called Anhanguera—and estimate its weight and wing area from its fossil remains. Anhanguer’s wings were enormous—spanning nearly 16.5 feet, with a 15.5-square-foot shadow—but the creature was also surprisingly light, weighing in at a mere 22 pounds, give or take. Now, simple physical considerations dictate that weight must be balanced by the force of lift in steady flight, and aerodynamic theory tells us that the amount of lift depends on wing area and airspeed, to a first approximation. With its big wings and lightweight build, Anhanguera could generate enough lift to stay airborne at a remarkably low cruising speed. Which was just as well: those enormous wings weren’t suitable for the vigorous flapping that would be required to make up for a substantial airspeed shortfall.


That was just the beginning. The trouble Anhanguera had with flapping meant that it needed gravity’s help to get up to speed, along with rising warm air currents—thermals—to maintain altitude. It must therefore have roosted on cliffs near tropical seas, whose waters are balmy enough to sustain the thermal fields. In this regard, Anhanguera was a lot like today’s frigate birds, but the resemblance may have gone further than simple habitat choice. Frigate birds are notorious for their aerial piracy—they plunder fish from other birds on the wing. What many people don’t realize is that this objectionable behavior is born of the birds’ locomotory “design.” Because they need the assistance of gravity to take off, frigate birds cannot risk alighting on the water to feed. Attacking other birds in midair is a perfectly reasonable response to this difficulty. Who knows—maybe Anhanguera and its kin were the analogous scourge of the Cretaceous skies.


All that information came from just two numbers: weight and wing area. With a little physical know-how I was able to take some petrified bones and return a fully functional animal, placed more or less securely in the ecology of its time. This experience was to be my epiphany—I would never look at the world in the same way again, for once accustomed to a locomotory point of view I realized that flight is not unique in its power to shape adaptation. On the contrary—I began to see the guiding hand of locomotion everywhere I looked. Thanks to Anhanguera I had stumbled upon life’s big secret, hiding in plain sight. Locomotion is perceptually immediate—one doesn’t need a telescope or microscope to discern it; neither does one have to wait generations to see it in action. It’s happening all the time, all around us. My way was clear: I resolved to lay bare the restless heart of the living world. This book is the culmination of my quest.
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There are, I think, two reasons for the pervasive influence of locomotion on the design of living things. First, getting from place to place effectively and efficiently is often one of the most important determinants of how many healthy offspring a creature begets, which as far as natural selection is concerned is ultimately the only thing that matters. Survival and reproduction both require that organisms seek out fuel and raw materials for the purposes of growth, repair, and baby-making, while ideally avoiding competitors or any hungry creature that might make a meal out of them. Sexual reproduction often requires that organisms approach each other, and whether sexual or asexual, one’s offspring must eventually fly the nest, so to speak, if they’re not to become entrenched rivals of their parents or each other. All of which means that locomotion tends to enjoy a high priority in the eyes of natural selection.


The second reason that locomotion leaves such obvious marks on living things is of a more physical nature. It doesn’t matter whether we’re considering a corkscrewing bacterium, a climbing ape, a sprinting cheetah, a spinning maple fruit, a soaring albatross, a burrowing worm, a swimming swordfish, or a strolling human: everyone without exception must defer to the same underlying physical reality. Organisms are physical objects, after all, and when moving around, they must obey Newton’s laws of motion, along with a few other rules and regulations concerning levers, the behavior of fluids, and so on. Given the high selective premium placed on efficient and effective movement, these rules typically impose tight constraints on the shape and behavior of locomotory creatures.


At this point, you might be tempted to employ your own locomotory abilities (metaphorically at least) to run away as fast as possible, but you’ll miss out if you do. The laws of which I speak are really not that scary, and the great importance of locomotion to an organism’s fitness means that the form and behavior of living things are often attuned to the same physical principles. If there were any doubt as to the truth of this statement, you have only to consider the innumerable cases of convergent evolution that pepper the history of life. Whales and dolphins have been shaped so thoroughly by the demands of efficient underwater locomotion that for a long time they were regarded as fish. The three groups of flying vertebrates—bats, birds, and pterodactyls—have been brought to strikingly similar anatomical destinations by the unbending physical needs of flight. The diversity all rests on one beautifully simple foundation.


An important question may by now have occurred to you. If all organisms are contending with the same physical reality with the same underlying rules, why don’t they all look and behave the same? Why is the living world so astonishingly diverse? There are two principal answers to this question, one more intuitive than the other. First, of course, different organisms inhabit different physical environments where (to put it in prosaic terms) the values of certain variables in our equations of motion aren’t the same: they may dig through soil, swim through water, fly through air, or move on an interface between these realms, each technique requiring different anatomical and behavioral traits to pull it off effectively. On similar lines, a creature’s size has an enormous impact on its physical experience. The largest locomotory entity—the blue whale—is one thousand million million million times bigger than the smallest—a Mycoplasma bacterium. The physical changes across so vast a size range have all kinds of locomotory consequences. An elephant can’t bound around, for instance, because its legs would need to be impractically thick to withstand the enormous forces involved. A mouse, on the other hand, rarely does anything but bound. Air, whose physical presence is barely noticeable to us in most situations, is positively syrupy to the tiniest flying insects, so they can get away with wings that are just tufts of bristles. Such a design is not recommended for a Boeing 747.


The second, less intuitive answer to the diversity question concerns the impact of the past on a creature’s present. Evolution is usually a gradual process, for there are strict limits to the extent of viable change from one generation to the next. While big changes are possible (witness the occasional two-headed mutants), they tend to cause catastrophic losses of fitness, and so are quickly eliminated from the gene pool. Future evolutionary pathways are therefore heavily constrained by the present state of an evolving population. By extension, one needs to know a creature’s evolutionary past to fully understand why it is as it is now. For no walk of life is this proviso more important than locomotion. Two creatures moving in the same environment may face the same physical challenges, but their adaptive solutions may be wholly different, just because their ancestors came at the problem from different angles. The flying vertebrates again provide a useful illustration. Their wings are superficially similar, but not identical: birds use feathers, bats stretch a skinlike membrane between their elongated fingers, and pterodactyls, despite also carrying membranous wings, supported each with only one finger. These distinct takes on flight in the three groups trace back to differences in their respective ancestors, some subtle, some not so subtle, when they began to test the air.


The history of locomotion may thus be conceived as a 4-billion-year dance between the physical rules of propulsion and the logic of natural selection, with each step dependent on the one that came before. In this book I will retrace this long dance, and in so doing will show how the need to move has shaped the living world. I begin in Chapter 1 with ourselves. Human locomotion is wonderfully amenable to personal exploration and experimentation, making us the ideal platform for learning the ropes of biological propulsion. As a species, we’re also surprisingly capable movers by the standards of our close ape relatives. This is something we usually take for granted—when asked to say what makes us special, most people talk about our superior mental faculties. Yet I’d guess that a similar majority would grant far higher status to elite athletes than to Nobel Prize winners. The subconscious high regard in which we hold our locomotory skills is also betrayed by the extent to which the terminology of movement pervades the language of achievement: when we do well, we’re “going places,” ideas need to “get off the ground,” we “chase” goals, “get up to speed” at a new task, make “leaps” of understanding, and “jump at the chance” to try something new. And while we don’t often consciously consider the value we place on locomotion, we certainly miss it if it’s gone—our locomotory freedom is one of our most prized attributes.


In considering human movement we’re going to come face-to-face with our first evolutionary puzzles, the most obvious being our use of two legs rather than the standard mammalian four to get ourselves from place to place. This mystery will serve as a springboard for our journey back through the evolutionary history of locomotion, for it’s only by peeling away the layers of recent adaptations that we can hope to find an answer to this curious anomaly. However, in doing so, we’re going to uncover yet more locomotory puzzles that will inevitably take us back even further, until we eventually reach the very origin of locomotion itself. Given our interest in understanding ourselves, the focus of our backward trek through time is our own ancestral lineage, but that doesn’t mean that the story is ours alone, for the deeper we go, the more widely shared are the ancestors we encounter. That means that the more we learn about our own locomotory past, the more we’ll come to understand the broader canvas of the living world, and the more obvious the universal signature of locomotion will become.


To mark the journey down our ancestral lineage I have chosen as way stations a number of key locomotory transitions, each of which forms the central story of a chapter. These shifts in the tempo and meter of the dance of life all granted access to fruitful new ways of moving, and so have special significance in the grand evolutionary narrative of locomotion. In Chapter 2—the first step on our historical journey—we will explore how our tree-dwelling ancestors became two-legged and eventually left the forests behind. Then, in Chapter 3, we will briefly divert from our ancestral lineage to turn our attention to the skies, and to the various origins of the lucky flying animals that now roam therein. In Chapter 4, we will dive beneath the waves, to examine how natural selection for swimming caused the appearance of the vertebrate backbone, before moving on in Chapter 5 to our closer fishy ancestors, who turned their fins into limbs and crawled onto the land. In Chapter 6, as our journey takes us ever deeper, we will learn how the demands of locomotion shaped the fundamental anatomical blueprint of the animal kingdom, with its clearly defined fore-to-aft axis and left/right symmetry. Chapter 7, on the other hand, will look into how animals ended up controlling the locomotory movements of their finely honed bodies, thanks to the origin of the nervous system. Through these major locomotory transitions we will learn how our ancestral lineage was forged and reforged by the demands of movement, and how biological locomotion works in different environments and on different scales.


Many aspects of the transitions I cover on these first six legs of our evolutionary journey are very obviously related to locomotion—such as the origin of flight, of human two-leggedness, and the transformation of fins to limbs. Other changes have a relationship with movement that might seem a little more surprising. Our much-lauded opposable thumbs, for instance, originally had nothing to do with tool use—the digit’s realignment was a climbing adaptation. The famous Cambrian explosion—the relatively rapid diversification of animal body types that began about 545 million years ago—was kick-started by crawling adaptations, as we’ll see in Chapter 6. Perhaps most striking of all, as discussed in Chapter 7, the brain and sensory organs were originally nothing more than a guidance system—a computer—to coordinate the body’s movements to and fro. The evolution of locomotion is about far more than legs, wings, and fins—indeed, the deeper we dig, the more apparent it will become that few if any aspects of an animal’s being aren’t related in some way to its present or past adaptations for movement.


Chapter 8 takes a different tack, by exploring the various occasions when locomotion was abandoned—or rather, ostensibly abandoned, for we’re going to find that the lifestyles of the static owe much to their history of motion. Indeed, I hope to convince you that, strange as it may seem, locomotion has actually dominated the evolution of plants almost as much as it has that of animals. Although plants themselves usually can’t move around, their seeds and pollen must for the purposes of sexual reproduction and dispersal. These imperatives have impacted not only on the design of the dispersal agents (witness the helicopter-like fruit of maple trees) but also on the form of the stationary plant that releases them. Height is an obvious dispersal-assisting quality, and flowers are so good at ensuring pollen gets delivered exactly where it needs to go (via insect couriers) that one could regard them as indirect locomotory organs.


The various narrative twists that we’re going to encounter on our long journey show that a creature’s evolutionary history shouldn’t be regarded as a mere straitjacket. Adaptations can open doors to future possibility as well as close them, and this is never more likely than when those adaptations have a locomotory impact. If a creature acquires a new way of moving, through its travels it may end up exposing itself to a whole new set of selective pressures: pressures that might push its descendants in an entirely unexpected evolutionary direction. After all, an organism must experience a new environment before it can adapt to it. Consider flight again: it’s a fantastically effective way to get around, but only those creatures that move in the complex world of the forest canopy are ever likely to stumble upon the selective pressures that might eventually make it possible. But this power of locomotion to unlock new ways of living doesn’t just apply to the colonization of new environments, as will become very obvious once we embark on the final leg of our journey back in time. In Chapter 9, we’re going to see how the adaptive refinement of locomotion in single-celled creatures laid the groundwork for the great multicellular kingdoms that were to come, before we arrive at last at the most important locomotory transition of all: the beginning of locomotion itself. Judged on its evolutionary consequences, this was undoubtedly the most significant transition in the history of life since its origin. Before locomotory powers evolved, life was little more than unusually complex chemistry. Once organisms started to move around, however, they began to encounter each other, opening the doors to predation, parasitism, sex, and symbiosis. In other words, it was thanks to locomotion that life took on its essential character, and it’s had the leading role in the unfolding drama of evolution ever since.


The book will end where it began—with ourselves, or rather our mind, for it turns out that we have locomotion to thank for more than our body alone. In Chapter 10, we will see that our curiosity, our joy, even consciousness itself all owe their intangible existence to propulsion. This shaping of our mind by the dance of natural selection and locomotion gives added significance to our search for self-understanding. We’ve been gifted with an insatiable desire for movement, but this wish has brought us to dangerous territory in recent years, with our locomotory technologies now threatening the health of both our bodies and our minds. Appreciating how we’ve been built by life’s long locomotory dance is therefore no mere academic concern—it may in the end be our best chance of finding a way to live more healthy, meaningful, and fulfilling lives.


Let the journey begin.









1


Just Put One Foot in Front of the Other


In which we immerse ourselves in the oft-underestimated magnificence of getting around on our own two feet


                    Know thyself.


—ancient Greek aphorism


I wonder, dear reader, whether you wouldn’t mind trying something out. If it’s safe and convenient, I’d like you to take a few steps. For more of a challenge, try turning a corner, or should the local lay of the land permit, go up or down a slope or a staircase. By all means, break into a run if you’re able and feeling sufficiently energetic. For most of us, unless hampered by injury, disease, or old age, all of this is so easy that we barely need to think about it. If we get the urge to go somewhere, we just go—rarely if ever do we need to devote any attention to the ins and outs of making the journey happen. But in taking our locomotory skills for granted like this, we seriously underappreciate what is in fact a movement machine of dazzling sophistication. Our engineers have built spacecraft that can land on comets, and our computers have beaten grand masters at chess, but we have yet to see a robot whose movements come even close to the elegance, ease, and flexibility of human walking and running.


So, why not try those few steps again, but this time, think about exactly what you’re doing. How do you initiate and terminate movement? How do you avoid falling over, even when the ground is uneven? How do you turn, or shift up a gear into a run? Why, indeed, switch from walking to running at all? And how are you doing all this with such fantastic fuel efficiency—ten times that of top-of-the-range walking robots, such as Honda’s ASIMO?aa I realize, of course, that these are difficult questions to answer, for many of the processes that bring about self-propulsion happen beneath the level of our conscious awareness. But we cannot possibly begin our time-traveling, locomotory tour of life on Earth without first turning our enquiring eyes onto our own locomotion: we need to familiarize ourselves with the evolutionary destination before working out how we got here.




ASIMO stands for “Advanced Step in Innovative Mobility,” but the name is also an obvious nod to Isaac Asimov, author of the I, Robot short stories.





THE SIMPLE ANSWER


For something as commonplace as locomotion, it took us an awfully long time to even begin to understand how it works. Aristotle, a Greek philosopher we’ll meet properly in Chapter 4, was one of the first people to thoroughly ponder the problem. His observations and musings led him to conclude that all motions fall into one of two categories. The first—natural motions—are what an object or material does without being forced: what he deemed the “heavy elements,” water and earth, naturally fall; whereas the “light elements,” air and fire, rise. His second category—violent motions—covered those movements imposed on an object by an applied driving force, which would include locomotion. Take the force away, so he thought, and motion ceases. These ideas accord well with common sense: we need to push or pull a stationary object to shift it, and if we stop manhandling it, the object usually comes to a halt soon afterward.


About two thousand years later, Italian physicist-astronomer-philosopher Galileo realized that there was something deeply wrong with Aristotle’s thinking. While Galileo initially accepted that motions could be natural or violent, he reasoned that if an object’s natural tendency is to move directly toward the center of the Earth, only movement in the exact opposite direction—that is, upward—could be regarded as purely violent. What about objects moving horizontally? Galileo construed that those motions—directed neither away from nor toward the planet—must occupy a third category, which he called neutral motions. His great insight was to realize that once external impediments were removed, it would take only a small force to send an object into neutral motion, and once moving, it would take an impediment—friction, for instance—to stop it.


That may sound familiar. Galileo’s thoughts, encapsulated in his law of inertia, are essentially identical to the first law of motion formulated by English mathematician-physicist Isaac Newton (1642–1727):


Every body continues in its state of rest, or of uniform motion in a right line, unless it is compelled to change that state by forces impressed upon it.bb




The law has the important qualifier that the observer’s frame of reference must not itself be accelerating.





That’s not to say that Newton’s thoughts on movement were simply a rehash of Galileo’s. In his second law of motion he extended the concept of inertia, stating that the acceleration (a) of an object caused by the application of a force (F) is in direct proportion to the magnitude of that force, but in inverse proportion to the object’s mass (m). In other words, F = ma. Furthermore, unlike Galileo, Newton realized that there was no physical basis for granting special status to natural motions: a fall, like any of Aristotle’s violent motions, must be caused by an applied force. Taken together, Newton’s insights made complete sense of Galileo’s famous freefall experiment in which, as legend has it (some maintain that this was only a thought experiment), he dropped two balls of different mass from the Leaning Tower of Pisa. According to Aristotle, the heavier object should have fallen considerably faster, but in fact they struck the ground at nearly the same instant.cc The heavier ball’s greater mass meant that the force drawing it to the ground was larger, but greater mass also entails greater inertia, so the resulting acceleration was identical to that of the smaller ball. That constant acceleration (roughly 32 feet per second per second at sea level) was the result of the pull of gravity, and is now denoted g; the force—an object’s weight in the strict sense—can be found by multiplying that figure by the object’s mass.




Actually, the heavier ball would have hit the ground slightly sooner, thanks to the relatively strong effect of air resistance on smaller objects, about which we’ll learn more in Chapter 3.





The relationship between force, mass, and acceleration uncovered by Newton is clearly of great importance to locomotion. But where does the force that propels living things from place to place come from? This is where Newton’s third and final law of motion enters the picture. The third law is the really famous one, which states that every action has an equal and opposite reaction, but it’s also the least intuitive. It isn’t immediately obvious that when pushing on an object, the object simultaneously pushes back on you, but with hindsight it’s plain that this must be the case. If no force were pushing back, you wouldn’t be able to feel the object you were shoving. Similarly, when a falling ball bounces off the floor, there must be a force pointing upward to enable the reversal of direction. Most critically as far as locomotion is concerned, the downward-pointing force of weight that we’re all subject to must be balanced by an equal and opposite force directed upward, ultimately derived from the tiny forces acting between the atoms and molecules of the ground, or else we’d sink through the floor. That ground reaction force is the key to locomotion. Push back on the ground and it pushes forward on you, accelerating you toward your chosen destination.


Our muscles are responsible for generating the push, though their action is necessarily indirect. That’s because muscles can only pull, so skeletal levers are required to convert the motion. The propulsive action of the human leg, for example, is brought about by its extensor muscles. The calf muscles, which attach to the heel bone via the Achilles tendon, swing the foot down and back about the ankle joint; the bulky quads, which run down the front and sides of the thigh to the tibia (the shinbone), straighten the leg at the knee joint; finally, the gluteus maximus (the buttock muscle), and the hamstrings, which run down the back of the thigh, swing the entire leg backward about the hip joint. When the foot is planted on the ground (and as long as there’s sufficient friction between the two), the overall backward push of the leg brought about by the contraction of these muscles causes the forward acceleration of the body. That can’t continue indefinitely, of course, and because muscles can’t actively lengthen, the extensors must be reset by the contraction of their so-called antagonists—the flexor muscles—which each attach on the opposite side of a joint to its corresponding extensor. The principal leg flexors are: the tibialis anterior, which runs along the shin and inserts on top of the instep—this is largely responsible for raising the foot and thereby relengthening the calf muscles; the hamstrings, which bend the kneedd and stretch the quads; and the iliopsoas muscles, which run from the lower back and pelvis to the top of the femur (thigh bone)—they pull the leg forward at the hip and stretch the buttock muscles. It goes without saying that the foot must be off the ground during these movements, otherwise we’d push forward and end up back where we started. Fortunately, nature has provided us with a second leg, which can take over the support and propulsion duties during the reset.




The hamstrings have two jobs because they are biarticular muscles, crossing both the hip and knee joints. Their knee-flexing job is effectively prevented when the leg is bearing weight.







[image: 1-1: The principal flexor and extensor muscles ...]





1-1: The principal flexor and extensor muscles of the human leg (a) and a simplified picture of their actions (b, c). The tibialis anterior, hamstring group, and the iliopsoas group (of which only the lower, iliacus muscle is shown here, running from the inside of the pelvis to the femur) flex the ankle, knee, and hip, respectively (b), while the calf muscles, quadriceps group, and the gluteus maximus antagonize these actions by extending the same joints (c). When a muscle is activated (indicated by the darker tone in b, c), its relaxed antagonist (pale tone) is relengthened, thanks to its attachment on the opposite side of the relevant joint. Note that some of these muscles, such as the hamstrings, are biarticular—they cross two joints—and so have alternative actions, depending on the activation state of other muscles or whether the leg is supporting any weight; the hamstrings, for instance, can extend the hip as well as flex the knee.


So, there we have it—the essential character of walking locomotion, with each leg alternately supporting the body during its stance phase and preparing for the next in its swing phase. Being a walk, there’s no unsupported aerial phase, so both legs are on the ground for at least 50 percent of their respective strides (a stride encompasses one stance and one swing). This duty factor can get as high as 70 percent in very slow walking, declining to about 55 percent if we really need to get a move on but can’t quite bring ourselves to break into a run.


That’s all well and good, but the picture we’ve painted so far is pretty crude. Nothing we’ve seen yet couldn’t be applied to robots, with servos and motors taking the place of muscles, so we’ve little indication as to what makes our version so elegant and efficient by comparison. And there’s nothing to tell us what makes running different from walking, aside from the reduced duty factor that gives it its characteristic airborne stage. There must be more to it than that. Indeed there is, but uncovering the nuances of human locomotion was never going to be easy. Even the most leisurely of strolls involves moment-by-moment changes in the disposition of our limb segments that happen too fast for even the most dedicated observer to fully grasp, to say nothing of all the behind-the-scenes actions in the body that bring about these movements. What we needed was a way to slow down time and lift the hood on our locomotory engine.


THE TIME LORDS


The man usually credited for ushering in the modern study of locomotion is the brilliant photographer Eadweard Muybridge. Born Edward Muggeridge near London in 1830, he immigrated as a young man to San Francisco, where he made something of a name for himself as a landscape photographer. His locomotory calling came in 1872, when railroad tycoon and former California governor Leland Stanford invited him to his stock farm in Palo Alto, supposedly to settle a $25,000 bet that a horse periodically becomes airborne when galloping.ee Muybridge was at first skeptical that photographic technology would be up to the task, but he gave it a go, and soon showed that, even when trotting, a horse does indeed lift all its hooves off the ground for a split second in each step cycle. His success was the turning point of his life: from that moment, capturing the movement of animals became Muybridge’s obsession. He worked intermittently at Palo Alto for several years, where he hatched an ingenious plan. He placed a set of cameras at regular intervals along a track, each rigged so that its shutter was activated by a trip wire stretched across the course. When Stanford’s horse Sallie Gardner galloped past, it therefore took a series of photographs of itself. The result was a breathtaking sequence of images that showed for the first time every intricate detail of an animal’s locomotory movements. Among other revelations, these pictures proved that the contentious aerial phase occurred not when the legs were at full stretch as many had supposed, but when the forelimbs and hindlimbs were at their closest approach.




Some people believe that the wager detail was added later to spice up the narrative for the press.







[image: 1-2: Muybridge’s images of Leland ...]





1-2: Muybridge’s images of Leland Stanford’s horse “Sallie Gardner.”


Muybridge’s horse photographs won him widespread acclaim, and in 1884 he was offered a job at Pennsylvania University to apply his technique to a range of other animals, from baboons to lions. Significantly, he was also asked to photograph human movement, and he duly obliged, producing many sequences of men and women, not just walking and running, but jumping, boxing, somersaulting, dancing, even getting into bed. These works were beautiful and enthralling, and indeed remain so to this day. But in scientific terms, they really only scratched the surface. To work out exactly how we move, much more was needed than a simple series of freeze-frames. Fortunately, at about the same time that Muybridge began to uncover the secrets of horse movement, a Parisian physiologist was busy assembling the tools that would eventually fill in all the details he left out.


Étienne-Jules Marey was the true founding father of the science of locomotion. An exact contemporary of Muybridge (they were born and died mere weeks apart), he became obsessed with the task of, as he put it, translating the language of the body—uncovering and making apparent its moment-by-moment activities. To this end, Marey devised what he called his “graphical method,” which could turn all kinds of physiological movements, such as a person’s pulse, into readily comprehended readouts, by mechanically transmitting the motion to a stylus, using either a lever or a puff of air in a rubber tube. The stylus inscribed a line on a sheet of smoked paper that, importantly, was mounted on a steadily rotating cylindrical drum. The resulting readout thus captured the time course of the motion as well as its magnitude.
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1-3: Marey’s graphical method: when the muscle contracts, the stylus is lifted, inscribing a curve on the smoked paper attached to the rotating drum. From Animal Mechanism (1874).


Marey milked his graphical method for all it was worth (once commenting that to undertake physiological investigations without it was like doing geography without maps) and it wasn’t long before his focus shifted from the most minute movements of the human body to the most obvious—the movements of locomotion. For his first project he set out to record the pattern of forces exerted by the feet when walking and running, which he did by mounting customized rubber soles onto his subject’s shoes, each containing a small air chamber that communicated with the recording apparatus via the usual rubber tube. Whenever the foot pushed on the ground, a puff of air was sent to the stylus, which deflected in proportion to the magnitude of the ground reaction force. Marey was also interested in how the timing of footfalls corresponded with the rise and fall of the body, so he mounted another device on the subject’s head, consisting of a small lump of lead attached to a lever. Given the lead’s high inertia, its vertical motions lagged behind those of the person below, so a trace of its relative displacement was presumed to give a fairly accurate representation of the up-and-down movements of the subject.


Marey’s technique worked wonderfully, and it wasn’t long before he’d extended his analysis to other animals, including horses.ff However, while his method told him about certain gross characteristics of an animal’s locomotory movements, he could find no way of reliably measuring how fast it or its limbs were moving. Then, in 1879, he saw Muybridge’s first photographic sequences and realized with delight that his prayers had been answered. He soon struck up a correspondence, and in 1881 invited the photographer to his home in Paris to give a public demonstration of his image sequences. These Muybridge displayed using his purpose-built zoopraxiscope—a device, made at Marey’s suggestion, which projected painted reproductions of his photographs in rapid sequence: it was, in effect, the world’s first movie projector. By all accounts, the guests were utterly enthralled—all, that is, except for the renowned painter and horse expert Anton Meissonier, who saw with horror that he’d been getting horse posture wrong for years.




Thus did Marey discover what Muybridge had with his photographs—that galloping horses took off. In fact, Marey just beat him to it, and many think that the real reason Stanford invited Muybridge to Palo Alto was to confirm what the Frenchman had found.





Muybridge’s method of slowing down time presented a potential solution to Marey’s motion analysis problem, but there was a niggling issue. Because Muybridge’s cameras were triggered by the subject, the photographs represented arbitrary points in time, making an accurate calculation of the speed of the body or limbs impossible. Marey realized that if, instead of using multiple cameras, a single photographic plate was exposed multiple times at a known rate, all the necessary information would be available in one image. So, that’s what he did. His first multiple-exposure photographs were promising, but if the movements were too slow, the successive freeze-frames were confusingly superimposed. Marey got around this problem, for humans at least, by getting his subjects to dress entirely in black costumes to which reflective strips had been strategically attached. He referred to the technique as geometric chronophotography, but today we’d call it motion capture, and it’s still used to great effect by moviemakers when creating convincing CGI characters.


With his moment-by-moment chronophotographic information about the disposition of the limb segments, Marey had at his disposal the means of illuminating human locomotion as never before. Knowing the position of every part of the leg at known intervals of time meant that the velocities and accelerations of each limb element could be calculated; with information about the masses of those body parts, the muscular forces that created the observed movements could be readily worked out. I say “readily”—in reality this would be an enormously time-consuming task without a computer to help with the calculations, and Marey—now in the autumn of his life—was unwilling to embark on the project. This Herculean labor was left for others. Marey decided instead to spend his remaining years applying his chronophotographic technique to other moving objects—such as flying birds, falling balls, and drifting smoke trails. He did, however, make one further invention that would in time become a vital part of the locomotory toolkit. Back in 1873, Franco-Luxembourgian physicist Gabriel Lippmann had found a way to measure the tiny electric currents generated when a muscle contracted, using a device rather like a mercury thermometer—the mercury rose up a capillary tube when a small current was applied. Marey realized that if a long-exposure photograph were taken of the capillary tube while sliding the photographic plate at a constant speed, the time course of muscle activation could be precisely recorded. He called the technique electromyography (EMG), and though it wasn’t applied to the study of locomotion until the 1940s, EMGs are now a standard part of the locomotion scientist’s vocabulary.
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1-4: One of Marey’s “geometric chronophotographs” of a running man.


In the 110 years since Marey’s death, the kit has changed beyond recognition: high-speed video has replaced multiple-exposure photographs, and sophisticated electronic transducers now record the ground reaction forces and EMG traces that were once revealed by air chambers and mercury electrodes. But the techniques were dreamed up by Marey, with a little help from Muybridge, and we owe both men a debt of thanks for helping us understand our physical selves more deeply.


WONDROUS MACHINE


We’ve learned much since Marey’s time. Our quality of life is closely tied to our ability to move around effectively and painlessly, so there’s a great deal of scientific interest in the workings of both “normal” and abnormal locomotion. What’s more, the sports industry has always been keen to find out how to squeeze the very best performance out of the human body. That level of attention has produced a vast, ever-expanding quantity of information. However, a single theme unites much of what we’ve found out over the last century—one that will recur again and again in our tour of the evolutionary history of locomotion. It’s something I alluded to earlier: compared to even the best humanoid robots, our walking and running techniques are astonishingly cheap. How is it that we’re able to move from place to place using a mere tenth of the energy expended by ASIMO?


As far as walking is concerned, the basic answer to this question has been suspected for a long time. As we amble along, our center of mass—the average position of our weight distribution—repeatedly arcs over the supporting leg, and so bears more than a passing mechanical resemblance to a pendulum (albeit inverted, like an old-fashioned metronome). A pendulum requires no force input once set in motion—it keeps swinging back and forth thanks to a perpetual interchange of energy between two forms: kinetic energy and gravitational potential energy. The gravitational potential energy of a pendulum bob depends on its height, so it reaches a maximum when the bob is at either end of its arc. With nothing keeping the bob up there, it then accelerates downward under the influence of gravity, so its potential energy is converted into kinetic energy—the energy borne by any moving object. This reaches its maximum at the bottom of the arc (when the bob is moving fastest), whereupon it is reconverted into potential energy as the bob climbs again. When the kinetic energy is used up, the bob reverses direction and falls back down. That interchange of kinetic and potential energies is exactly what happens to us when we walk. In effect, we intentionally start to topple forward on every step, and rely on the swing leg getting into position in time so that we can use the kinetic energy of the fall to lift our center of mass again (and save ourselves from ending up flat on our face), ready for another fall.


This pendulum-like interchange means that our leg muscles don’t have much to do when we’re walking, as you can see in Figure 1-5, which shows EMG traces of selected hip, knee, and foot flexors and extensors during a typical step cycle. Only the calf muscles and the lowly tibialis anterior give even a semblance of hard work. The calf muscles contract to prevent the ankle’s collapse during the leg’s stance phase, and also give a push prior to liftoff (or toe-off, to use the technical term) to compensate for the inevitable braking effect of the opposite leg’s heel-strike. The tibialis anterior has the seemingly insignificant job of flexing the ankle to raise the foot: it’s active at the beginning of the stance phase and the entirety of the swing phase (we’ll see why later). The bulky hip and knee extensors are required to give only little nudges, and the hip flexors barely do anything at all: the potential energy gained by the leg during the latter half of its stance phase is enough to get it swinging forward passively. In effect, the swing leg acts as a typical pendulum while the rest of the body is busy being an inverted pendulum.
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1-5: Electromyograms showing the activity of representative extensor and flexor muscles of the human leg during walking.


Perhaps the most surprising observation is the lack of knee flexor activity at the beginning of the swing phase, for we know the leg bends at this point—it has to if it’s to clear the ground. This knee flexion occurs automatically, thanks to the slowing of the thigh toward the end of the stance phase: as long as toe-off happens at the right time, the lower leg keeps going, and the leg bends. If we walk too slowly, this doesn’t quite work: the reduced speed of the swinging leg means that the knee doesn’t flex enough, and if the hamstrings aren’t activated to compensate, the foot scuffs the ground (the sullen teenager gait). Conversely, if we walk too fast, the intrinsic pendulum action of the leg isn’t quick enough to save us from a fall, so once again, extra muscular work is required. Try it and see how it feels. Moving cheaply means moving at the speed at which the body wants to move.


Robot designers are beginning to cotton on to the economic benefits that could be reaped by exploiting a walking body’s intrinsic dynamics, thanks mainly to the pioneering work of Tad McGeer at Simon Fraser University, British Columbia, in the 1980s. McGeer designed a number of “passive walkers” that could saunter down a gentle slope with zero power input, and some contemporary robot designers are now looking to these models for inspiration. Engineers at Delft University of Technology, the Netherlands, have built a range of “pumped” passive walkers, bearing such colorful names as Denise and Flame, with a bit of actuation here and there so that they’re not always confined to walking downhill. They may not look as polished as the vastly more expensive ASIMO and its ilk, but their motion looks much more lifelike, despite (or really because of) their limited control.


Useful though it is, the pendulum-like movement of our locomotory apparatus isn’t perfect, because the kinetic/potential energy interchanges aren’t 100 percent efficient. Some energy is always lost as heat—mostly when we come crashing to the ground at heel-strike, hence the need for some extensor muscle activity at this time. The energy loss isn’t as bad as it might have been, however, because we limit the up-and-down bobbing of our center of mass as much as possible by dropping the hip of the swing leg. This lowers the center of mass a little at the highest point of its excursion and gives us a smoother ride.gg As usual, it happens automatically: supporting the body on one leg leaves the center of mass dangling on the inside, and a tilt of the hips naturally ensues. We don’t usually have to worry about toppling because our thighs are designed to angle inward: a slight hook to the end of the femur ensures that the lower legs thence make their way straight down to the ground. This is called the valgus knee morphology, after the Latin for “knock-kneed,” and I mention it now because, being a skeletal feature, it’s the sort of thing that can give us clues about how our extinct ancestors walked—more on this in Chapter 2.




Bending the knees midstance would also do the trick, but requires so much additional muscular effort that it defeats the object of the exercise.





As is the case for so many activities, the beneficial effect of our automatic hip tilt only works if used in moderation. If left entirely to its own devices, the hip drops too far, causing us to walk with what’s known as a Trendelenburg gait: to keep the center of mass over the supporting foot rather than way over to the inside (which would cause a fall), we either have to lurch the upper body from one leg to the other or bend our spine from side to side like catwalk models. Both countermeasures cost energy. Trendelenburg gaits are prevented mainly by the gluteus medius muscles,hh which run from the top of the femur to the hip bones. If you put your hands just under your hips while walking, you should be able to feel these muscles firing during each leg’s stance phase.




The gluteus medius muscles also have the important job of setting us off. When they contract, they give a little sideways push to the ground, which shifts the weight to the opposite leg. Then it’s up to the tibialis anterior to pull the body forward a bit. Gravity does the rest.





Our final piece of energy-saving wizardry is arguably the most complicated. The human foot, containing twenty-six bones wrapped in a spider’s web of ligaments and tendons, is a marvel of bioengineering. In every step it must fulfil three different jobs: it has to absorb the shock of heel-strike, then provide a stable platform for the stance leg as the body arcs overhead, before finally acting as a lever to execute the push at toe-off. These may not sound like unreasonable demands, but the anatomical requirements for the tasks are irritatingly distinct: the first two need the foot to have a degree of give, to dampen the peak impact force and then mold to the ground, but the last needs the foot to be as rigid as possible. You might think that the design would therefore represent some kind of jack-of-all-trades compromise, but remarkably, evolution has found a way to enable a functional transformation throughout the stance, allowing us to get the best of both worlds.


The foot’s split personality rests in the fact that it has two subtly different configurations: a loose-jointed, flexible state and a compacted, rigid state. Once again, a passive mechanism is responsible for switching between the two. It’s called, rather quaintly, the windlass mechanism, after the ancient trick of hoisting heavy loads by wrapping the suspending cable or rope around a crank-operated drum. The “cable” of the foot is a tough fan of connective tissue—the plantar fascia—that spans the sole from the heel to the far ends of the metatarsals (the long bones that support the toes). These metatarsal heads, particularly the one at the base of the big toe, act as the drum. Now, for most of the stance the foot is in its neutral, compliant state to best fulfil its shock-absorbing/molding duties. Toward the end of this phase, however, as the heel is lifted by the calf muscles, the toes are bent back, causing the plantar fascia to wrap around the metatarsal heads and stretch, pulling the end of the heel bone forward. Sticking with the windlass analogy, the calf muscles thus provide the crank action as a by-product of their extensor function. Thanks to the configuration of the various bones that connect the heel bone to the metatarsals, that motion locks the foot bones together, converting them into a rigid lever in preparation for toe-off.
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1-6: The windlass mechanism of the human foot. When the heel is raised, the plantar fascia tightens as it wraps around the head of the first metatarsal, pulling the heel bone forward, raising the instep arch, and twisting the foot about its long axis. These actions lock the foot, converting it into a rigid lever prior to toe-off.


Given the extraordinary functional complexity of our feet, it might now seem a shame that the cultural guidelines of our current civilized existence cajole us into encasing our amazing appendages in crude, monofunctional shoes, thus suppressing their intricate workings. This is arguably no big deal when we’re walking, as the forces to which the feet are subjected are relatively mild. Running, however, is a different story, and many are beginning to wonder whether Tolkien’s hobbits have the right idea, and that we’d get a lot more out of our locomotory machinery if we went around barefoot. I’ll come back to this point later. First, we need to take a closer look at the high-performance end of human locomotion.


CHANGING GEAR


Walking is a fairly forgiving mode of progression, when it comes to speed range. We can shuffle at a snail’s pace or motor along at over 5 miles per hour (about 7.5 feet per second), although about 3 miles per hour (4.5 feet per second) is our typical preferred speed as adults. This is the speed at which we exploit the inherent dynamics of our body to maximum effect, returning the most miles per gallon, so to speak. However, in the big, bad, dog-eat-dog world in which we evolved, where sluggishness can result in starvation or the clamping of a predator’s jaws around your neck, that 5 miles per hour begins to look woefully inadequate. The partnership between natural selection and physics has therefore provided us with a second gear—running. However, it isn’t immediately obvious why this should be necessary. Why can’t we just keep walking faster and faster? After all, this is basically how speed is increased on wheels—their revs per minute keep going higher and higher (ignoring the complications of gearing the power transmission).


For a legged animal, speed can be increased in two ways: by extending the stride length (the distance between successive footfalls) or increasing the stride frequency (the number of steps in a given amount of time), or both. When walking, with its proviso that at least one foot must be in contact with the ground at all times, stride length is heavily constrained by the length of the legs. One could conceivably push it to twice the leg length, by sinking into splits on every heel-strike, but this would entail such outrageous vertical oscillations of the center of mass that it’s quickly ruled out on energetic (not to mention safety) grounds. In practical terms, then, only a modest increase in stride length is possible when walking. What about stride rate? This, again, can be increased a bit, but as we saw earlier, it will cost us to push the legs too far beyond their intrinsic pendulum dynamics.


There’s a more insidious issue at work here. No matter how you go about it, it’s physically impossible to walk beyond a certain speed: for a typical adult male, the upper limit is just under 10 feet per second—just over 6.5 miles per hour. The problem stems from the universal tendency of all moving objects to keep going in straight lines. Following a circular path, or part of one, isn’t natural—it requires the imposition of a force perpendicular to the direction of motion. Called the centripetal (center-seeking) force, it causes an object to accelerate toward the axis of the resulting curved path. Consider an orbiting spacecraft. It dearly wants to shoot off into deep space (according to Newton’s first law), but gravity provides a centripetal force that reins it in and keeps it going around and around. In effect, the craft is constantly falling toward the Earth, but because the planet itself is round, the vessel never approaches the surface.ii If we want to get quantitative, the centripetal acceleration is simply the square of a circling object’s velocity, divided by the radius of its circular path: ac = v2 ÷ r. The centripetal force is found by multiplying that by the object’s mass (remember, F = ma).




It’s this perpetual plummeting that gives astronauts the illusion of weightlessness: in reality, being only a couple of hundred miles (on average) above the Earth’s surface, they have almost the same weight as they had on the ground.





So, what’s all this got to do with walking? Well, in every stance phase the center of mass describes a curved path as it vaults over the supporting leg, with a radius of curvature roughly equal to the length of said leg. Gravity supplies the necessary centripetal acceleration: a constant 32 feet per second per second, give or take. If the forward velocity increases, however, there will come a point at which the acceleration due to gravity is no longer sufficient to keep the radius of curvature down, and we take off. At this point, of course, we won’t be walking anymore. With an average adult male leg length of nearly 3 feet, the velocity limit is the square root of (3 × 32) = just under 10 feet per second, QED. Now, we can cheat this a little bit. Accentuating the hip drop increases the radius of curvature of the center of mass’s path and diminishes the centripetal force requirement at high speeds, which is what gives racewalkers their curious wiggling gait; they also use fore-and-aft hip swings to raise each leg’s axis of rotation and effectively increase the length of the legs. The technique is energetically expensive but effective—at the time of writing, the world record racewalking speed (held by the Russian Mikhail Shchennikov) is an incredible 15 feet per second—that’s over 10 miles per hour.


World champion or not, however, all of us eventually hit the walking speed limit, and if we want to go any faster, we must change gear. Running is distinguished from walking not just by the unsupported aerial phase of the step cycle, but by the relationship between the body’s kinetic and gravitational potential energies in any given moment. Remember that when walking, our energy alternates between these two forms. That’s not the case in running. The center of mass undergoes the same deceleration as it passes over the supporting foot, but it drops in height at the same time, owing to the pronounced flexion of the knee at impact (an important shock-absorbing measure). The changes in kinetic and potential energy are thus in sync—there’s no interchange.


That sounds like bad news. If kinetic energy decreases without a simultaneous gain in potential energy, one would think it must be dissipated wastefully as heat on impact, with the muscles then having to supply the shortfall prior to takeoff. That this isn’t entirely the case was discovered when the metabolic rate of runners was measured in the 1960s, and found to be only 65 percent of what would have been needed to account for the presumed reinjections of energy. That could only mean that something else (other than height) was storing the energy of impact. It didn’t take long to figure out what was going on. Our tendons are not merely connecting cables linking muscle to bone. They can also function as springs, storing some of the kinetic energy used to stretch them as elastic energy, which is reconverted to kinetic energy when the tendon is released. In running, the Achilles tendon is the prime storage site. As the ankle flexes on impact, this tendon is stretched and energized; that energy is then used to help extend the ankle at toe-off, supplementing the work of the calf muscles. If running barefoot, the plantar fascia and the ligaments of the arch of the foot act in the same way: the arch flattens slightly during the stance phase and springs back into shape near toe-off.


This all sounds wonderful, and indeed it is, but it’s worth noting that using tendons for elastic energy storage comes at a price. Tendons aren’t simply elastic bands linking two bones—there’s always a muscle at one end, and that muscle has to be in a contracted state for elastic energy storage to work. The Achilles tendon, for example, can only function as a spring if the calf muscles are activated. Despite this hidden cost, elastic energy storage is vital at our highest speeds. In fact, even at the low-speed end of running—below the maximum walking speed—elastic interchange was once thought to be an even better energy-saving trick than the pendulum mechanics of our more sedate gait. That would explain why we tend to change gear at around 6.5 feet per second, which is well below the walking speed limit. Or at least, it would explain it if it were true. Recent experiments show that we do ourselves no energetic favors by switching to running at such a low speed, which makes one wonder why we do it. Oddly enough, given that this is such a commonplace event, we’re still not absolutely sure. One contributing factor seems to be perceived stress in the tibialis anterior (the main ankle flexor), which, if you remember, is one of the hardest-working muscles during walking. It has two main functions: it fires at heel-strike to ensure that the foot doesn’t slap down on the ground, and then again at the beginning of the swing phase to keep the toes from dragging in the dirt. It seems that at the highest walking speeds it all starts to get a bit much for this little muscle, and we switch to running to give it an easier time. If artificial ankle flexor assistance is provided (running a strap from the forefoot to the knee does the trick), we do indeed tend to delay the transition to running.


Regardless of why we switch to running exactly when we do, the overall benefits of our second gear are obvious: thanks to its aerial phase, running does wonders for our stride length (it can go up to 11.5 feet, although 6.5 is typical), and can potentially push the maximum speed up to just over 34 feet per second, or 23 miles per hour (if you’re Usain Boltjj). In mechanical terms it’s a surprisingly easy switch. The muscle-firing sequence used in running is almost identical to that used in walking, although the duration and intensity of contractions are ramped up as you’d expect, particularly in the hip muscles. The only major sequence difference in running involves the timing of activation of the calf muscles: they fire much earlier in the step cycle, such that they’re active at touchdown, to enable the spring-loading of the Achilles tendon. If running on the balls of the feet, this early activation also allows the calf muscles, rather than the heel pad, to absorb the larger impact forces of landing. This extra damping becomes increasingly important at our highest running speeds, thanks to the low duty factor (more time in the air, less on the ground) and correspondingly higher peak forces: the time-averaged ground reaction force must still balance body weight, regardless of the fact that the force is now applied to the body for a much shorter period of time.




At the time of writing, Jamaican sprinter Usain Bolt holds the world records for both the 100-meter (9.58 seconds) and the 200-meter (19.19 seconds) races.





Evidence is accumulating that relying on the heel’s shock-absorbing function at all while running is really rather bad for us. Habitually barefoot runners generally avoid heel-strikes, for the simple reason that they hurt. Of course, nice thickly soled, air-cushioned shoes eliminate the pain, but might they also be lulling us into a false sense of security, causing us to pass dreadful shocks up our legs and spine without our being aware of them? Experiments conducted by evolutionary anthropologist and barefoot runner Dan Lieberman and his colleagues at Harvard indicate that this may indeed be the case. It wasn’t that long ago in geological terms that our ancestors all wandered around barefoot, and even in more recent times (up to the 1970s) we generally ran wearing thin-soled, minimal shoes, such as sandals or moccasins, which had little mechanical impact. We might therefore conclude that our locomotory machinery was never “intended” to work with chunky, high-tech sports shoes stuck to the ends, and that we should ditch these unwieldy accessories at our earliest convenience. Indeed, running injuries are alarmingly commonplace these days, hinting that the body is too often subjected to excessive stresses. That said, we pampered Westerners of current generations have generally grown up in the company of such shoes, and would be expected to have adapted to them (in the nonevolutionary sense) over the courses of our lives. In support of this notion, newbie barefoot runners sometimes sustain injuries because their feet and calves aren’t strong enough to cope with the new regimen, although the right training program may eliminate such transition problems. We clearly need to do more work before we can make any definitive pronouncements on the to-shoe-or-not-to-shoe question; hopefully we’ll have a better idea in a few years’ time.


Before moving on, it’s worth noting that walking and running are not our only locomotory gears: we can also skip. Skipping is a more complicated gait than either walking or running, for it combines the potential/kinetic energy interchange of the former with the elastic energy storage of the latter—in fact, its energetic profile is effectively that of a gallop, but with two legs rather than the standard four. For all that, though, it’s our least efficient gear, partly because the vertical oscillations of the center of mass as we spring up and down are more extreme than in walking or running. Along with the fact that skipping around tends to raise the eyebrows of passersby, that would explain why we don’t use this gait much, at least as adults (children are often rather fond of skipping, although we don’t yet know why). But it does have its merits in some situations. In the low-gravity environment of the Moon, for instance, skipping is far and away the most effective mode of progression. Walking doesn’t work so well here because the usual efficient interchanges of kinetic and gravitational potential energy rely on the earthly relationship between mass and weight (our mass on the Moon is unchanged—it’s only our weight that goes down). Running is even worse: low weight means low friction, which brings a high risk of slippage. In a skip, this risk is significantly reduced because the legs don’t stray so far from vertical at touchdown and toe-off. Skipping has its uses on Earth, too. For example, many people (myself included) skip to go down stairs quickly, and while this phenomenon has never been scientifically examined (as far as I’m aware), you might be able to think of some reasons why this is better than running. I’ll leave you to ponder this little mystery at your leisure. Please don’t break your neck in the process!


NATURAL-BORN RUNNERS?


I hope you can now appreciate how extraordinarily well we humans have been “designed” for locomotion. From hip to toe, there’s barely a single feature of our lower extremities and the way we use them that can’t be explained in the light of propulsion. Whether it’s the shape and size of our joints or the timing of our muscle contractions: all seem wholly dedicated to getting us from place to place as quickly, safely, and economically as possible. Not that this is an entirely waist-down phenomenon. Every time a leg swings forward, it imposes a twisting motion on the rest of the body that would require costly correction if it were not for an equivalent swing of the opposite arm (which, by the way, is a mostly passive motion). That itself requires a flexible waist to enable the shoulders and hips to twist in opposite directions, so it’s a good thing our rib cage doesn’t extend all the way to our pelvis. But we don’t want the twisting motion to be transmitted to the head, otherwise our eye line would be forever veering left and right: we therefore have a comparatively thin neck and finely honed postural reflexes to help us maintain a steady gaze. And the torso can’t be too floppy or else it would lurch forward at every footfall, thanks to its inertia, putting us in danger of falling on our face. This unwanted motion is prevented by our erector spinae muscles, which run up either side of the spine from the pelvis and contract on every step to give the torso a little backward tug (put your hands on the small of your back when walking, and you’ll feel them tense).


These many locomotory adaptations leave us in little doubt as to the historical importance of movement to our ancestors. If our biology makes us good movers now, that can only be because, time and time again in the distant past, those people who had the luck to bear genetic mutations that improved their locomotory prowess were the ones who, on balance, had better survival rates and/or more children. Their favorably mutated genes and the skilled movement that came with them therefore spread through human populations at the expense of their less fit genetic counterparts. Such are the implacable ways of natural selection. Working out why locomotion was so important to our ancestors, however, is another matter. At first it might seem obvious that being able to move faster would make successful escapes from ravenous predators more likely—until you realize just what our ancestors were up against. Our top athletes today can maintain a speed of a little over 20 miles per hour for a few seconds. On the savannah of our ancestral African home we were pitted against the likes of hyenas and lions, who can double those speeds. Of course, there’s the old adage that you don’t need to run faster than the predator, just faster than your friend; but even so, we can be pretty sure that it was their strength in numbers that saved our ancestors from death by carnivore, not their pace.


If the answer to our question can’t be found up the food chain, then perhaps we need to look down, in the direction of potential prey. Here again, though, we’re looking at creatures like deer and antelope that can outperform us easily in sprint chases, with considerably higher maximum speeds that can be maintained for minutes, not seconds. The high-velocity end of things is beginning to look decidedly unpromising. But what of the more sedate, walking end of the spectrum? Could fuel economy have been the primary target of natural selection? As it happens, our energy expenditure when walking is unusually low for a creature of our size. While perhaps less glamorous than the game of life and death played out by today’s savannah predators and their ungulate prey, an ability to travel long distances cheaply may be no less important in selective terms, especially in such open environments, where a decent meal may be a fair hike away. After all, the less energy expended getting from breakfast to dinner, the more will be available for the pressing business of reproduction.


Something’s not right here, though. As Dennis Bramble of the University of Utah and Dan Lieberman have pointed out, too many aspects of our locomotory anatomy just don’t fit with any mode of progression other than running. The energy-storing role of our well-developed Achilles tendon is barely used when walking; the same can be said of the spring action of the arch of the foot. Our swinging arm technique, though of some use in a stroll, is much more important in a run, when the rotational disturbance set up by the now violently swinging leg can’t be balanced by the hip muscles of the opposite leg because said leg is in midair. Finally, our buttocks are too big. Our gluteus maximus muscles are relatively enormous compared to those of our ape cousins, but they barely tick over when walking. Only when we run do they come into their own, giving each leg a powerful kick at toe-off and assisting the erector spinae muscles in stabilizing the torso.


Notwithstanding all that, it can’t be denied that we’re pretty terrible sprinters in the grand scheme of things. But there are other ways to run. It’s when we choose not to go flat out that we shine. Today’s top long-distance runners can maintain speeds of 14.5 miles per hour, and even non-professionals can manage between 7 and 9.5. That may not sound like much, but with a decent level of aerobic fitness (which our ancestors surely had), these speeds can be sustained for hours. When assessed over such spans of time, our running performance begins to look quite respectable when compared with potential mammalian prey (it goes without saying that endurance running would have done little good when pitted against a sprinting predator). As long as the target can be tracked, even antelope can be outpaced by sufficiently determined humans. However, catching up to prey is one thing—it’s quite another to dispatch it without nature’s usual tools of tooth and claw. Sharp-edged stone tools might be thought to have fit the bill, and these were in use by the time endurance running adaptations appeared in our lineage. Our earliest known fossil relative to have had such traits was Homo ergaster, a rangy species (adult males may have been 6 foot 2 or more in height) that lived in eastern and southern Africa between 1.8 and 1.3 million years ago: for comparison, the earliest stone tools are about 3.4 million years old. However, while these stone implements could have been used to butcher carcasses, as offensive weapons they leave much to be desired. They work better when attached to spears, but these didn’t come on the scene until a few hundred thousand years ago.


If active hunting wasn’t possible, perhaps scavenging for meat presented a viable alternative? Endurance running could have provided an advantage here, too. Savannah scavengers typically use circling vultures as a cue to a kill (or a death by natural causes), and from then it’s a race against time to get there before the carcass is scoffed. Recent mathematical models of day-to-day life on the savannah made by Graeme Ruxton and David Wilkinson of St. Andrews and Liverpool Universities indicate that thirty minutes is probably the critical time window—if you take any longer to get to the meat, it won’t be worth your while. Unfortunately, this probably isn’t long enough for humanoid endurance running to make enough of a difference: we can only win longer races. So, where does this leave us? If neither active hunting nor scavenging provided sufficient selective impetus for the evolution of our endurance-running adaptations, what did? Well, there is a third option: keep harrying an animal for long enough and it might eventually die of exhaustion or heatstroke. The trick is obviously to not die of exhaustion and heatstroke yourself, and here we see a potential role for another couple of strange human features. We are almost unique in our use of sweat to cool down. The vast majority of mammals can’t do this because the oils in their pelt would impede the passage of water,kk but this is no problem for us because our body is practically hairless. The importance of this physiological trick is not to be underestimated. Our energy efficiency when running is poor by mammalian standards—even in endurance mode we use 50 percent more energy to go a given distance than does a typical four-legged mammal of the same mass. Yet they are the ones that run themselves to death, thanks to our vastly more effective coolant system.




Horses are an exception—they use sweat to cool, while also secreting a detergent (the protein latherin) to break up the oil.





Just to drop a final fly in the ointment, one important part of our locomotory design doesn’t fit with running. Most terrestrial mammals of a more athletic persuasion permanently stand and move around on tiptoe (giving rise to the myth that horses’ knees bend the opposite way to ours—that’s the ankle you’re looking at). Birds are much the same. The reason is simple—this is an easy way to extend the stride length and increase speed. Many lineages have continued this trend by elongating the feet. Our stubborn insistence on using the whole sole would be bizarre if we really were dedicated runners. But, as Christopher Cunningham of the University of Utah and his colleagues recently found using treadmill experiments, our postural preference makes complete sense from a walking perspective. When their volunteers walked on tiptoe, they used over 50 percent more energy than when walking normally (by all means, try it yourself). By contrast, however, switching posture made no difference to their energy expenditure when running. When all’s said and done, arguing over whether we’re chiefly adapted for running or for walking may therefore ultimately prove futile: natural selection seems to have been concerned with both gears.


It is of course difficult to be completely sure of the selective factors that caused our specific suite of locomotory adaptations. What we can say is that much of our present form is attributable to the way we were selected to move, even if some of the details of that relationship have yet to be ironed out. And our form is just the start. Whether our ancestors were hunters or scavengers, the large amount of meat in their diet was only possible because they had a locomotory system that could get hold of it. This makes us unique among our ape cousins, for apes subsist almost entirely on fruit, nuts, and leaves (even the relatively bloodthirsty chimps take only the occasional monkey as a treat). The significance of this dietary shift cannot be overstated. With meat on the menu, the nutritional quality of our food shot up. No longer did we need the lengthy guts of our vegetarian ancestors, so all the resources that were once needed for the development and maintenance of capacious intestines were available to be used by other organs—mainly the expensive brain, which about 2 million years ago began to increase in size exponentially. We are what we eat indeed, and because our ancestors could only eat what they could catch, it’s no exaggeration to say that it was our locomotion that made us what we are.


[image: ]


It would be easy to think that we now have the measure of ourselves. However, it takes only a quick glance at our relatives to see that when it comes to explaining why we are the way we are, we’ve barely scratched the surface. Many of our mammalian cousins have been driven by the same locomotory selective pressures that guided us, yet have ended up at radically different evolutionary destinations: most obviously, we do our moving on two legs, while the champion nonhuman runners do theirs on four. As a result, on top of their second gear—usually a trot, with the left/right alternation of the forelimbs occurring simultaneously with the right/left alternation of the hindlimbs—they can really put the pedal to the metal and switch to galloping. With its aerial phase between the footfalls of the hind- and forelimbs, galloping (unlike the otherwise similar human skipping) adds the flexibility of the back to the locomotory equation, allowing some mammals to achieve truly phenomenal speeds. Cheetahs—the champion terrestrial sprinters—bend their back so much when they run that their stride length can reach 23 feet or more. As a result, they can pelt along at 60 miles per hour. Why did our ancestors write off this fantastic high-performance option by going bipedal? To find the answer to this question, we’re going to have to go back much further than a mere 2 million years. The time has come to meet our closest relatives, who are going to show us the momentous consequences of hanging about in trees.




[image: ]


a  ASIMO stands for “Advanced Step in Innovative Mobility,” but the name is also an obvious nod to Isaac Asimov, author of the I, Robot short stories.


b  The law has the important qualifier that the observer’s frame of reference must not itself be accelerating.


c  Actually, the heavier ball would have hit the ground slightly sooner, thanks to the relatively strong effect of air resistance on smaller objects, about which we’ll learn more in Chapter 3.


d  The hamstrings have two jobs because they are biarticular muscles, crossing both the hip and knee joints. Their knee-flexing job is effectively prevented when the leg is bearing weight.


e  Some people believe that the wager detail was added later to spice up the narrative for the press.


f  Thus did Marey discover what Muybridge had with his photographs—that galloping horses took off. In fact, Marey just beat him to it, and many think that the real reason Stanford invited Muybridge to Palo Alto was to confirm what the Frenchman had found.


g  Bending the knees midstance would also do the trick, but requires so much additional muscular effort that it defeats the object of the exercise.


h  The gluteus medius muscles also have the important job of setting us off. When they contract, they give a little sideways push to the ground, which shifts the weight to the opposite leg. Then it’s up to the tibialis anterior to pull the body forward a bit. Gravity does the rest.


i  It’s this perpetual plummeting that gives astronauts the illusion of weightlessness: in reality, being only a couple of hundred miles (on average) above the Earth’s surface, they have almost the same weight as they had on the ground.


j  At the time of writing, Jamaican sprinter Usain Bolt holds the world records for both the 100-meter (9.58 seconds) and the 200-meter (19.19 seconds) races.


k  Horses are an exception—they use sweat to cool, while also secreting a detergent (the protein latherin) to break up the oil.
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