





[image: The Powerful Primate by Roland Ennos.]






Praise for The Science of Spin


‘This is a wonderfully fascinating book with answers to so many everyday questions you never knew you needed to know. The explanations are lucid and so clear that the one thing it doesn’t do is cause your head to spin.’


Mark Miodownik, author of Stuff Matters


‘More than a few authors have found success with books that look at a broad swath of history, ideas or science through the lens of a single topic... Roland Ennos elevates this approach to dizzying heights in The Science of Spin... The physics are fascinating.’


Wall Street Journal


‘The book has a gentle, friendly tone... A book that provides a good overview of the science of rotation, and enthusiastically shows that spin can cause a global revolution in more ways than one.’


Times Literary Supplement


‘An original and highly engaging insight into how our universe works, encompassing black holes, the cotton mills of the industrial revolution, the biomechanics of walking and more!’


Paul Sen, author of Einstein’s Fridge


‘The Science of Spin is a delightful book, equally entertaining and enlightening. Read it and you will come away with a better understanding of our world and how it works.’


Ricochet


‘From the movement of cricket balls to the shielding of the Earth’s atmosphere and even black holes, this delightful and easy-to-follow book won’t leave your head spinning.’


Physics World




 


 


 


Also by Roland Ennos


 


The Science of Spin: The Force Behind Everything – From Falling Cats to Jet Engines


The Wood Age: How One Material Shaped the Whole of Human History


Trees: A Complete Guide to Their Biology and Structure




[image: The Powerful Primate by Roland Ennos. Published by Oneworld Publications Ltd.]




To Peter Lucas, a good man in academia





Prologue


THE POWERFUL PRIMATE


One scene above all others from the BBC’s 2011 series Human Planet demonstrates how humans have come to dominate the natural world. In the film, three members of the Dorobo people of Kenya, a client tribe of the better-known Maasai, intimidate and steal meat from a pride of fifteen lions gorging on the corpse of a wildebeest. After stalking up unseen to within fifty yards, the three men suddenly stand up straight and march shoulder to shoulder directly towards the corpse. Startled, the lions scatter and retreat, like cats being chased from a bird they had just caught, and crouch at a distance, growling in the long grass. When the three men reach the wildebeest, two stand sentry, while with his knife the third swiftly slices through the skin, muscles, and ligaments of the animal’s hip and pulls away a whole haunch of meat from the corpse. Within seconds, before the lions can decide what to do, the men are striding away again with their trophy; they have stolen enough meat for a feast without any of the danger or bother of a hunt. And later that evening they light a fire and cook the meat, gorging on the soft flesh and bone marrow.


To urban people from the developed north, used to a sheltered life in “civilization,” the brazenness of this daylight robbery seems almost suicidal. How could a few weak primates intimidate a far greater number of the world’s most feared predator? The men should be no match for lions, who could easily outpace them and could, being far stronger, wrestle them to the ground and dispatch them with a single bite to the neck. The physical superiority of lions over humans has been demonstrated throughout human history—the Romans even exploited it for entertainment. In one of their cruelest forms of punishment, damnatio ad bestias (condemnation to beasts), they threw convicted criminals— most notoriously Christians—to the lions. In front of crowds of thousands of spectators in amphitheatres such as the Colosseum in Rome, the condemned people met an inevitable and painful death.


The truth is, though, that ever since the advent of farming, we have tended to exaggerate the threat posed to us by large predators such as big cats, wolves, and bears. Over thousands of years of history, our propaganda has repeatedly sought to portray ourselves as the plucky underdogs, surviving against huge physical odds by marshalling our intelligence and native cunning against the brute forces of nature. Folktales are filled with people fighting to survive in forests, steppes, and deserts, and evading and outwitting the wild beasts that dwell within them. So when we venture into the wilderness, we do so with trepidation and we take a whole host of precautions. We keep predators away during the day by travelling in groups, maintaining constant vigilance, and employing firearms, while in the darkness of the night, we cower together around our campfires.


But in fact wild animals fear human beings much more than we do them, and indeed they fear us more than they do even the fiercest of predators. For instance, recent research by Liana Zanette of Western University, London, Ontario, and colleagues has shown that tape recordings of human voices startle a whole host of large African mammals, from warthogs to giraffes. The voices create almost double the effect on animals as the roars of lions. Indeed, lions themselves retreat when they hear human voices, and the reasons why lions fear humans are not hard to find. The success of the Dorobo raid on the lions’ kill was possible because humans have consistently defeated lions over the long history of conflict between our two species on the East African plains. The pastoralist Maasai people, for instance, who also live in the region, have successfully been vying for supremacy with lions for hundreds of years. Armed with just simple wooden fighting sticks and short wooden spears, they can protect their herds of cattle from predation. And they don’t just defend themselves and their cattle passively; they frequently take the fight to the lions and kill them. Until recently a successful solo lion hunt was a rite of passage for Maasai boys. Lions in the region had every reason to fear people, who could dispatch them with their handheld weapons and bows and arrows long before the advent of European big game hunters equipped with rifles.


The dominance of humans over lions was also exploited by the Romans themselves for another of their “entertainments,” the venatio or wild-beast hunt. In these unedifying spectacles, the lion was just one of a host of large creatures, from wolves to giraffes, that were released into an amphitheatre to be hunted down by specialist gladiators known as bestiarii. Being trained in combat, and armed with swords, spears, and bows and arrows, the gladiators were able to turn the tables on the wild beasts; the result was another predictable slaughter, in this case of the animals.


The demand for such entertainments and the Romans’ efficiency at procuring and transporting wild animals to Rome was so high that they effectively wiped out the wildlife of North Africa where they sourced them. That the Romans were able to maintain a constant supply of wild beasts to their capital also shows how they dominated the whole of the North African landscape. Their engineering expertise had enabled them to build an empire controlling the entire Mediterranean region, feeding the huge city of Rome with cereals grown over vast swathes of farmland in Egypt, Tunisia, and Libya. Their huge grain ships and extensive system of roads were not surpassed in size or sophistication until well into the eighteenth century.


But perhaps the most impressive aspect of the Dorobo video was that it could be made at all and be distributed to millions of people worldwide. To shoot the video, the film crew had to fly by jet plane from Europe to Africa, travel around the plains of the Maasai Mara in four-wheel-drive Land Cruisers, and use sophisticated cameras made on the other side of the world to record the hunt and the Dorobos’ subsequent feast. And once the crew had flown home again, they had to edit the film with sophisticated computer software and distribute it by broadcasting it as electromagnetic waves through the ether, or streaming it across the wires of the internet. Finally, the viewers had to pick it up on equally complex TV receivers, home computers, or mobile phones. All of these stages required a global infrastructure, huge technical expertise, and vast amounts of energy. We could see what happens in the wilds halfway around the world only because of our modern industrialized society.


And our dominance over the natural world is now more or less universal. Today humans are spread over every continent except Antarctica, and we have modified the world’s surface beyond recognition. We have cleared over 40 percent of the habitable land for our agriculture, and we manage over half of the 31 percent of land that is still covered by forests. Our domestic animals outnumber wild beasts by a ratio of fifteen to one, and 26 percent of species of large mammals are threatened with extinction. And even before the advent of agriculture, humans helped eliminate large animals all over the globe: mammoths and woolly rhinoceroses from Europe and Asia; horses and mastodons from North America; giant ground sloths and armadillos from South America; and giant wombats and giant kangaroos from Australia.


The reasons for this domination are simple. Rather than being the feeble wimps we portray ourselves as, who have to make up for our inferior physiques with superior intelligence and cunning, we have long been the bullies of the natural world. In some ways we are actually physically the most powerful animals on the planet. Using the simplest of tools—sticks and stones—we can hit harder, throw farther, and cut deeper and cleaner than any other animal, giving us unprecedented abilities as scavengers and predators of animals, and as harvesters of plants. We can kill animals even at a distance, efficiently skin and dismember them. We can cut down and uproot plants; crack open their nuts and grind down their seeds; strip their leaves and separate and spin their fibres. We can fell trees and carve wood. We can build fires and cook food. We can clear forests, till the soil, and mine the rocks. In other words, even using just our muscles we can engineer almost all aspects of our environment. It is our ability to marshal our physical power to produce energy and to concentrate it using our tools that first enabled us to remake the world for our own convenience. And in the last few thousand years we have even learned how to use our tools to co-opt power from other sources: from wood and charcoal; from draught animals; from water, wind, and the sun; and most recently from fossil fuels and atomic nuclei. This book charts the history of humanity by tracing the path by which we progressively increased the power and energy we could generate; improved our ability to concentrate and apply it; and magnified the distances over which we could transmit it.


It may seem surprising to attempt to understand the progress of such complex organisms as human beings simply by examining our physical relationship with the world around us. Most other human histories have tended to concentrate on the finer aspects of the mind and the rise of culture. However, as we shall see, this physical perspective makes sense of human history in a way that no other viewpoint achieves. It allows us to understand why it was a primate that gained world dominance rather than any other type of animal. And it allows us to integrate the roles of the many other factors that anthropologists and historians have implicated in our rise to dominance: human biped-alism; the evolution of our opposable thumb; our development of stone tools; the growth in our brain size; our increased sociality and lengthened adolescence; the rise of agriculture; the inventions of metallurgy and machinery; and the harnessing of fossil fuels, steam, hydraulics, and electricity. To me the engineering approach also seems to be the most logical one. After all, the only way we can interact with the world around us is by converting energy from one form into another, and to do it at a reasonable rate: in other words, to do anything we need to generate, transmit, and apply power. And though we often think of ourselves as purely intellectual beings, quite separate from the natural world, we are still animals and, like all other organisms, are subject to the laws of physics and natural selection.


One reason I can tell this story now is that we have a better understanding than ever before about how the human body works. Over the last half century, the science of comparative biomechanics, in which I have been involved for over forty years, has been remarkably successful in explaining the design and function of animals and plants—how animals stand up, walk, run, climb, jump, eat, for instance, and how this has affected the evolution of their bodies and minds. For instance my friend Peter Lucas has used the science of fracture mechanics to explain why mammals have such varied designs of teeth. In recent years, anthropologists and primatologists have also started to investigate the evolution of the human body, and the development of our tools, in much the same way. Medical researchers and sports scientists have also been investigating the mechanics of human movement for just as long, though for reasons of their own, and they have studied humans in isolation from research on other animals. In their definition biomechanics refers exclusively to humans. Fortunately, though, anthropologists take a broader view and are realizing that it is time to integrate our knowledge of human motion into evolutionary studies, so we can better understand how human beings emerged from our ape ancestors.


Meanwhile, over the last fifty years primatologists have also made important discoveries about how our primate relatives construct their sophisticated sleeping nests, and how they make and use mechanical tools such as probes, levers, spears, and digging sticks. These findings invalidate many of the old assumptions about how humans evolved. In particular they destroy the concept of “man the toolmaker.” We now need a new narrative to explain instead how humans capitalized on and improved our tools—how we became better engineers—and so shed light on how humans evolved into scavengers and hunters.


Anthropologists and historians alike are also starting to reassess the causes and effects of the emergence of farming. They used to assume that settling down to grow cereals and keep animals was a key advance in human progress. Recently, however, historians such as James C. Scott and Yuval Noah Harari have characterized farming as a misstep that condemned our ancestors to lives of drudgery and privation. It is time to examine these competing narratives in a quantitative way to work out why after the last ice age people in different parts of the globe adopted such different ways of life as hunter-gatherers, herders, horticulturalists, and cereal farmers. Despite what we are invariably told, cereal farming is not the best way of making a living at all, but it did stimulate farmers to become better engineers: to domesticate and harness draught animals, to develop metallurgy and devise machinery. In so doing it sparked a technological revolution that led to the invention of wheeled vehicles and plank ships and resulted in the advent of large states and empires, changing patterns of supremacy across Eurasia, and leading to the ultimate triumph of the Old World over the New.


Nowadays, we also have the benefits of fifty years of research into the archaeology of the industrial world. It is time to rescue industrial archaeology from its neglected silo among engineers and men in boilersuits to demonstrate the crucial importance of engineering in the formation of our modern world. It is time to investigate why it happened when and where it did, and how engineering advances led us to increase our power and use more and more energy. These insights allow us to understand how industrialization shaped modern history, and how it led to urbanization, the transformation of the countryside, and to globalization.


And since all engineering involves destruction, it is time to investigate the increasingly dramatic effects of human power on the horrors of war and on the health of our planet. Understanding our past and present may help us plan a sustainable future.


I believe that my interests and lifetime’s experiences have given me the ideal background to tackle the task of building this new synthesis. I was fortunate enough to be able to combine my childhood fascinations with animals, airplanes, and bridges to forge a university career researching and teaching in the field of comparative biomechanics—the engineering of animals and plants. I spent three happy decades investigating such subjects as how insects fly, how plants anchor themselves in the ground, and how grasses use glass to defend themselves against being eaten. I carried out research on the engineering of the human body, investigating how our fingernails are designed; why we have fingerprints; and how we initiate walking. I devised research projects that related to the evolution of humans: how apes can move safely in the forest canopy and how they build their sleeping nests; and why early humans fire-hardened their arrows and how they designed their stone axes. I gained practical experience in agriculture by investigating how to prevent cereal crops from being blown over and how best to separate the fibres of flax from the stem of the plant. And together with my partner, I maintained an allotment, a plot of land for cultivation, for several years. Outside work, I have spent many happy days visiting archaeological sites, and open-air and industrial museums, marvelling at the beauty and ingenuity of the buildings, tools, and machinery. Better than any academic education, these living museums help us picture the lives of ordinary people, how they lived and how they worked to transform the world into what it is like today.


Throughout those thirty years I have gradually tried to assimilate and integrate all this information into books about the natural world and the place of human beings within it. Following textbooks on the environment and plant life, I wrote a popular book on trees. And more recently, especially since I took early retirement, I have had the time to tackle human history itself. In The Age of Wood I pointed out the crucial role that this one material has had on the human story. And in The Science of Spin I showed for the first time how rotation has a pivotal role in the way people walk, run, throw, and swing their tools, as well as in the machinery they developed to power the modern world.


In this book, my aim has been to combine all of this information to build up a comprehensive history of how people have exploited their physical prowess and engineering skills to build ourselves a safer, more comfortable world. I am sure it will not be the last word on the subject; I realize more and more as I get older just how little I know. But I hope that it might stimulate others—primatologists, anthropologists, archaeologists, and historians in particular—to take the engineering aspect of our lives more seriously. And I also hope it will supply people with enough information to put us human beings into our proper historical context so that we can understand ourselves better and help us escape from the current predicaments in which we find ourselves of climate change and unhappiness. Above all I hope that I can persuade you that our physicality and engineering ability are integral aspects of what makes us human and have shaped the world in which we live; I want to show that they are not only worthy of study, but of awe and respect.





Part One


DEVELOPING OUR POWER





Chapter 1


THE DAWN OF POWER


If the scenes of the Dorobo intimidating lions on the Kenyan plains or of Roman bestiarii massacring wild beasts in the arena show the extent of modern humans’ dominance over the natural world, another, more peaceful, scene may perhaps point to its birth. For fifty years ago in the forests of the Taï National Park in the Côte d’Ivoire, Hedwige and Christophe Boesch of the University of Zurich first observed chimpanzees using lumps of wood and stones as hammers to crack open nuts. The ape places the nut onto an “anvil,” a large stone or the knee of a tree root, before raising a wooden or stone “hammer” and bringing it down on top of the nut, splitting its shell and releasing its contents. The ape then gathers up the pieces of shattered kernel and eats them, before breaking the next nut in its hoard.


The whole process looks almost human; the apes resemble nothing so much as bank clerks stamping stacks of documents. And fifty years ago this human quality shocked the anthropological establishment, which had built up the evolutionary just-so story that humans had “broken away” from the apes thanks to our unique ability to make and use stone tools. This story had started to break down in 1964, when the pioneering primatologist Jane Goodall discovered that the chimpanzees of the Gombe National Park, Tanzania used grass stems as fishing sticks to extract termites from their nests and mosses as sponges that they dipped into pools of water to help them drink. Anthropologists started to realize that they had to abandon the simple concept of “man the toolmaker.” They either had to redefine humanity or think of new ways in which we are different from the rest of the animal world. At first it seemed possible to take the stance that humans were different because we alone use tools made of stone. The finding that chimpanzees use stone hammers was the final blow even to this definition.


To work out the real ways in which we are different from the rest of the animal world, we first have to understand where we have come from: to examine what we have inherited from our closest relatives, the primates, and in particular from the great apes. If we do that, we can see that the key aspect of the lives of primates that differentiates them from other mammals is that they live high up in the forest canopy and have, over the past 50 million years, become adapted to an arboreal existence. This has made them very different from terrestrial mammals, and as we shall see, it also preadapted both them and us to make and use tools.


The selection pressures acting on the early primates, living high up in trees, would have been totally different from those on land mammals. Free from the fear of being eaten by land-based carnivores, they no longer needed to be able to run swiftly. They were able to slow down their metabolism and live longer, slower-paced lives, while their bodies adapted to help them move about more efficiently and safely through the trees. The first and most obvious differences between primates and terrestrial mammals is in the design of their limbs. In land mammals the front and hind legs are usually similar in form and function; they both swing backwards and forwards. To enable the animals to run quickly, to trot and to gallop, they tend to be as slender as possible, and they have the muscles concentrated at the base to minimize the energy required to move them; their fore and hind feet are both stretched to elongate their strides and end in hooves or claws.


Unlike land mammals, the primates differentiated their limbs, each pair having contrasting structure and function. They evolved sturdy hind legs that could support them from below and freely mobile arms that could reach out to grasp branches or hold on to the trunks of trees and pull themselves upwards. Their limb muscles stretch well down their length, particularly those in their arms, which gives primates the strength they need to climb. Above all, primates developed broad hands and feet with finely articulated fingers and toes, and an inner surface that is covered in fleshy pads, which are patterned with prints and which are backed by nails. These adaptations improved their ability to grip on to narrow branches and twigs and made their fingers uniquely sensitive. This enabled primates not only to move rapidly and safely through the tree canopy, but also suited them to reach out and pick the two sources of food that are plentifully available in the forest canopy and which grow at the tips of branches—fresh new leaves and ripe fruit. Fruit is an especially good food for primates such as apes because natural selection has designed it to be attractive and nutritious. Primates eat the fruit and digest it, but leave the tree seeds inside intact so that they are dispersed in their faeces. The flesh of fruit is full of sugars and other nutrients, and as it ripens, it softens, enabling primates to bite into it with their wedge-shaped incisors and chew it into a digestible pulp with their sharply cusped molars. Apes such as chimpanzees can even test whether a fruit is ripe by palpating it between their fingers, like the archetypal French housewife inspecting produce at the greengrocer’s.


Primates also enhanced their vision to enable them to thrive in the treetops. Tree fruits often advertise their palatability by changing colour from green to yellow or red to show that they are ripe. Primates therefore evolved better colour vision than terrestrial mammals, and they moved their eyes from the side of the head to the front, giving them binocular vision so that they could judge distances better and so help them make their way more quickly and safely through the canopy.


But it was not just the primates’ bodies and senses that underwent a thorough redesign. Just as important to their success—especially that of the largest of these creatures, the apes, which emerged in the past 30 million years—were their large brains. Most primatologists emphasize the social benefits that large brains confer on apes, since they may help them cooperate with each other in increasingly elaborate ways, while enabling the most intelligent individuals to manipulate their peers. Yet there is no obvious reason why this behaviour should evolve in arboreal mammals such as apes rather than in terrestrial ones such as cats. A more immediate advantage of a large brain for arboreal animals is that it helps them deal with the physical world around them. It allows them to memorize not only where fruit trees grow in their territories but at what time of year each tree fruits. This means that fruit-eating macaques and apes can compute travelling routes to the nearest fruiting trees and arrive at them just as the fruit is ripening, and before potential competitors such as hornbills and squirrels.


Even more important to the apes as they increased in size was that their larger brain also enables them to judge the strength and stiffness of branches before they risk putting their weight on them. This skill is essential to allow such heavy animals to reach the fruit hanging from the tips of slender twigs, and to travel safely through the canopy, especially to cross the perilous gaps between trees. A mistake could lead a heavy ape to plummet to its death. The apes’ need to compare their weight with the strength of branches and to consider the consequences of their actions on their environment might also have led them to evolve a degree of self-awareness; apes are among the few animals capable of recognizing themselves in a mirror.


Together, the physical and mental capacities of apes—the strength, mobility, and dexterity of their arms, hands, and fingers, and their awareness of the mechanical world around them—have even enabled them to develop their own technology. All the current great ape species (and so presumably our own ancestors) evolved the ability to build themselves complex sleeping nests. Every evening an ape decides on a suitable tree to spend the night in and chooses a thick branch on which to build its nest. My former PhD student Adam van Casteren showed that it goes about its task with speed and precision and demonstrates surprising engineering know-how. Leaning out, it grabs hold of more slender branches and half breaks them, bending them inwards and weaving them together into a cup-shaped cradle in which the animal can sleep securely. Finally, it breaks off still thinner branches and sprays of leaves to make a soft mattress and to cover itself with a blanket of foliage. Nests enable apes to get a good night’s sleep, away from predators, and prevent them from tumbling to the forest floor. From the sophistication of these structures, and the speed at which apes can build them—an orangutan can construct one in just a few minutes—it is clear that apes have become familiar with the unique properties of wooden branches and other plant structures and are adept at exploiting them. They clearly merit the accolade of being first-rate architects and engineers.


For many apes, that is about as far as they go in their engineering careers; after all, their hands and teeth are well adapted for their diet of fruit, so they have no need to invent feeding tools. But their mechanical skills are merely dormant and can be called on whenever needed. Orangutans, for instance, which live in the lofty canopies of rainforests in Southeast Asia, rarely use tools in the wild. However, in zoos they are notorious for dismantling any device placed in their cage and effecting the most ingenious escapes from their enclosures. And when they find themselves in more challenging habitats where there are fewer fruits to feed on, wild orangutans do develop a toolmaking culture. In the swamp forests of Suaq, Sumatra, for example, they use two sorts of tools made from simple sticks: one set to extract honey from bees’ nests in the hollow trunks of trees; the other set to prize open the hard shells of cemengang fruit. The apes even modify the design of their shell-opening tools through the season, choosing wider, stronger sticks later on as the fruit’s cases stiffen up.


Life is not so easy for the African apes. The formation of mountains along the Great Rift Valley has, in the past 20 million years, started to cut off the rain-bearing clouds of the monsoon from the rainforests of central Africa. As a result, tree cover over the continent has become more fragmented, and the African apes, especially our closest relatives, the chimpanzees and bonobos, have had to descend more often to the forest floor and to develop a wider range of tools to obtain enough food. The commonest tools are the fishing sticks that many apes use to probe into holes in termite mounds to extract the insects. Recently Adam van Casteren was part of a team who showed that to achieve this task chimpanzees choose especially flexible plant stems, which can go around bends more easily so the chimps can push them deeper into the holes. These tools mimic the tongues of pangolins and woodpeckers. In contrast, most of the tools that apes use are much stouter wooden sticks that function as levers or bayonets and mimic the way other animals use their hard, rigid claws or tusks. These tools concentrate and magnify the forces the apes’ muscles produce to enable them to break into their food. The chimpanzees of Gabon, for instance, carry around with them a whole wooden tool kit to break open bees’ nests and raid them of honey. This includes stout sticks to pierce the nest; lever-like enlargers to widen the hole; slender collectors with frayed ends to dip into the honey; and “swabbers,” elongated strips of bark, to scoop it out, like the tongue of a bear.


Life is most difficult for chimpanzees in the savannas that have developed at the driest eastern and western edges of their range, where there are few trees, and where the dominant vegetation is grasses. In such habitats it is particularly hard for an ape to make a living. Savannas are home to large, fast-moving carnivorous mammals, such as lions, leopards, hyenas, and wild dogs, so they are far more dangerous places than the forest canopy. The food is also more difficult to find, eat, and digest. Some savanna trees bear fruit, but in the majority of species, the seeds are protected from herbivores by rigid nutshells. And the grasses and herbs that carpet the savanna floor don’t produce fruit at all, only small, hard seeds, while they hide their stores of energy underground in bulbs and swollen roots.


Field research over the last thirty years has found that savanna chimpanzees have responded to this challenge by developing a whole new suite of tools. The savanna chimps in Tanzania, East Africa, make digging sticks twelve to twenty-four inches (30–60 centimetres) long, with which they probe into the soil to excavate and lever out plant tubers. The chimps living in the savannas of Senegal, West Africa, make tools that are even more familiar to us; females construct spears. They break off two-to-four-foot-long (60–120 centimetre) branches, strip them of their leaves, and use their teeth to sharpen the narrow end into a point. They then probe the spears into hollow tree trunks to flush out and, if possible, impale small primates such as bush babies hiding within the holes.


But one major savanna food source—nuts—would be inaccessible to apes that relied on strength alone and tried to use static forces to break into them. The mouths of apes do not open wide enough to enable them to bite into many nuts, and their jaw muscles and teeth are not strong enough to crush them even if they could. Their hands and fingers are also too weak and their finger pads too soft to make any impression on their surfaces; and their nails are not rigid enough to prize them open. Of course, most of us have found around Christmastime that it certainly is possible to break into nuts by concentrating force. We use nutcrackers: tools that are specially designed to use the principle of the lever to produce forces large enough to crush nutshells. But the forces involved are huge. My experience is that hazelnuts and walnuts are not too difficult to crack, but even they require us to mobilize most of our gripping force, around fifty pounds (200 newtons), to squeeze the arms of the nutcracker together. Since most nutcrackers operate at a mechanical advantage of over 5:1, this means that these nuts require a force of over 250 pounds (1 kilonewton) to break them. Almonds and Brazil nuts are even harder to crack; as a child I learned to limit my losses and leave them to the grown-ups. They must take up to five hundred pounds of force (2 kilonewtons) to break.


Apes could theoretically make and use nutcrackers, since their grip strength is typically twice that of ours, but nutcrackers are extremely hard to construct. The jaws have to be made of especially hardened steel so they do not deform when used; and the two metal arms of the device need a strong hinge joint. Apes would never be able to construct them. In any case nutcrackers have disadvantages as well. Nutshells are fairly smooth, so the nuts are all too apt to fly out of the jaws of the nutcracker. And because the forces needed to break the shells are so great, once fracture begins, it is hard to reduce the pressure fast enough; the jaws are all too apt to accelerate destructively inwards, snapping shut and causing catastrophic fracture not only of the shell, but also of the kernel within—crumbs of nut fly uncontrollably in all directions.


As we saw at the start of this chapter, the Taï chimpanzees (along with several other populations in West Africa) have devised an alternative technique to crush nuts and have invented a totally different sort of tool—a hammer. Though it may seem simple, this primitive tool and the novel way in which it is used mark a significant development in chimpanzee technology. The great majority of primate tools act as levers or sharp points, magnifying and concentrating the forces produced by the arm muscles. Primates use the tools in the same way that other animals use their teeth or tusks. Lions kill their prey by concentrating the forces produced by their jaw muscles at their pointed canine teeth. Warthogs and elephants dig by using their tusks to localize the force they exert on the soil. Even herbivores use force to break off edible pieces of plants. Cows eat grass, for example, by grasping the leaves between their teeth and tongue and pulling them away from the base of the plant.


But muscles can be used for other purposes than generating large forces. They can also shorten at the same time as they are producing force, generating mechanical energy. To crush nuts the Taï chimps rapidly contract their triceps muscles, straightening their arms and accelerating their forearms downwards, building up kinetic energy in their hands and in the hammer stone. What happens to this energy when the stone hits the nut depends on the mechanical properties of the two objects. As the two objects collide, they deform, and the dynamic force between them rises rapidly to a peak that is much higher than a chimpanzee could apply simply by pressing down on the stone. As the force of the collision rises, the two objects both deform, but not by the same amount. The more compliant object—the nut in this case—deforms far more than the more rigid stone, so almost all of the kinetic energy within the stone is transferred into the nutshell. The subsequent fate of the nut depends on the fracture properties of the material of which it is made. If it were made of a tough material such as wood, the nut would absorb the energy without breaking; its internal structure would merely be slightly damaged. But nutshells are brittle. They are made of strong, thick-walled cells, but unlike wood cells, these are short; and lines of fracture can easily run between the cells. Cracks can also race through the shell along the special lines of weakness that many nuts have evolved to allow them to split open when they germinate. (This is why walnuts often split along the seam down their centre when you crack them.) So when a Taï chimpanzee hits a nut with their stone hammer, the shell breaks, releasing its contents, while the hammer stone remains intact.


Breaking nuts with hammers may seem to be but a minor step towards dominating the planet. After all it is just one of the many ways in which apes use tools, and chimpanzees themselves are hardly numerous, so it has not enabled them to achieve world domination. Moreover, only a few populations of chimpanzees have ever learned how to use hammers. One reason for this must be the chimps’ lack of mechanical insight. Though you might think it would be simple for chimpanzees to learn how to crack nuts, the skill has only been mastered by a few chimpanzee populations. It takes many months for chimpanzees in these groups to perfect the technique, and juvenile apes have to observe their elders and put in around two years of practice before they achieve success. Chimpanzees who have grown up in a group that does not crack nuts never learn the skill, even when primatologists provide them with the nuts and the necessary tools. The idea that they could generate huge dynamic forces using muscle power to build up kinetic energy in a tool seems to be hard for them to grasp.


This should not be surprising. Despite centuries of science, few people, including many primatologists, and anthropologists, appreciate the difference between force and energy, and the difference between static and dynamic forces. But fortunately, most people do manage to build up an intuitive feel for the benefits of percussion tools. We realize that we can do more damage by hitting things than merely pressing on them, though most people would be hard-pressed to say why. Consequently, as we shall see in the next few chapters, our ancestors made widespread use of such simple percussive tools. For instance, though nuts are usually seen as a minor source of food, hunter-gatherer societies around the world have used hammer stones to crack open and exploit nuts on a surprisingly large scale. Many of the Neolithic settlements around the Atlantic coast of Scotland, for example, are surrounded by huge mounds of hazelnut shells, which must have been harvested in their thousands. In California, the Cahuilla tribe developed a whole “balanoculture,” which was dependent on the harvesting, shelling, leaching, and grinding of acorns. In coastal areas around the world hunter-gatherers also used hammer stones to break open the shells of edible mollusks such as mussels, whelks, and limpets. And our ancestors subsequently improved the hammering technique in a whole range of ways, which eventually led to the emergence of humans as efficient scavengers and ultimately as top predators.





Chapter 2


PUTTING OUR BACKS INTO IT


If you watch any of the numerous detective dramas that clutter the television schedules—and they are so common, it is possible to watch two or more every night—you should be a veritable expert in murder by blunt instrument. In the first scene of many of these shows, the victim is found with the back of their skull stoved in, by a stone, paperweight, or statuette depending on the location and social standing of the victim. Two hours later, after a whole shoal of red herrings have been cleared away, the murderer is finally revealed and confesses that in a confrontation they just “lost it,” picked up the nearest heavy object, and dealt the victim a single, fatal blow to the back of the head. The reality is little different; it actually is quite easy to kill people in this way; for instance eleven murders in England and Wales in 2022 were inflicted by blunt objects and thirty-five by hitting or kicking without a weapon. In the USA, even though more lethal weapons such as guns are freely available, blunt instruments still accounted for 317 victims in 2023.


The lethal effectiveness, when armed with a blunt object, of even relatively weak humans—the killer is just as likely to be a slight woman as a burly man—is at first sight astonishing. After all, as we saw in the last chapter, our cousins the chimpanzees can struggle to crack open nuts with stone hammers. This is despite that apes have far stronger arms than we do; they need them to haul their bodies up one-handed when they are climbing in the forest canopy. The arm muscles of apes make up a far larger proportion of their total musculature, around 31 percent, than in modern humans, at 18 percent. And their muscles are also composed of a greater proportion of strong fast-twitch fibres. So when primatologists performed those long-term behavioural experiments back in the 1950s and ’60s, bringing up baby chimps in their own homes to see if they could teach them to speak like human beings, the animals quickly became too strong to handle. They could not be managed by their tutors, and most were carted off to zoos where they lived out the rest of their lives free from the horrors of a human education. The resolution of the apparent paradox, that a weak human can deal a much more powerful blow than a much-stronger ape, is down to the ways in which we have learned to use our bodies and contract our muscles—it’s what we do with them that counts!


As we have seen, the actions of nut-cracking chimpanzees are extremely simple. An ape swings its forearm down using the most intuitively obvious method: it contracts its triceps muscles to extend its elbow joint and straighten its arm. This technique certainly works, but it limits the amount of power and energy that can be produced, which is related to the characteristics of its power source: muscle.


Muscle is an extraordinary tissue, capable both of producing force and of generating power. Structurally, it consists of two alternating sets of long fibrous protein molecules, actin and myosin, which stick out on each side of a series of plates, like bristles from two-sided shoe brushes. In the muscle cell, the sets of fibres overlap, just like when you stick two shoe brushes together, and the fibres can be joined side by side by large numbers of releasable crossbridges that link the myosin fibres to the actin fibres. To produce a large contractile force, the crossbridges are all joined and bend back, like a person’s finger pulling back on the trigger of a gun. This tends to shorten the muscle and can produce forces of up to forty pounds per square inch (0.3 MPa). When you are producing a constant force, such as holding up a heavy weight, this is what your muscles are doing. You are performing no actual work, but the action still requires energy, because each crossbridge detaches every now and then and has to be reattached and flexed again, using up fuel as it does so.


To generate power and produce mechanical energy, the muscle has to shorten at the same time as it is producing its contractile force. To do this the crossbridges have to release at a faster rate and swing forwards before they reattach, allowing the fibres to slide past each other, before they reattach farther along and bend back again, rather like an inchworm crawling along the ground. The faster the muscle shortens, the more crossbridges have to be detached at any one time, so the less force the muscle can generate; consequently force declines more or less linearly with contraction speed. Eventually, at the maximum shortening speed of a muscle (typically two to four lengths per second), it can produce no force at all.


To produce the maximum amount of energy over a single contraction, a muscle needs to shorten slowly. The force it can generate in this way is more or less the same as it produces when it is held still, in what muscle physiologists call an isometric contraction. And since a muscle can shorten by around 25 percent of its initial length, when it contracts slowly, it can produce around seventy joules per kilogram over the whole contraction. However, contracting muscle in this way produces a minimal power output, since it takes so long to generate the mechanical energy. To produce a maximum power output, a muscle needs to contract much faster, at around 35 percent of its maximum speed, at which point it can produce just 35 percent of the maximum isometric force. Under these conditions a muscle can generate a power output of eighty to one hundred watts of power for each kilogram of muscle, but each contraction can produce much less energy than if it had contracted slowly, just twenty joules per kilogram.


As we have seen, when they are cracking nuts, Taï chimps straighten their arms by contracting their triceps muscles. Unfortunately these muscles are relatively small because the apes rarely need them to produce power when they are moving in the trees, in contrast to the biceps, which they use to bend their arms and so haul themselves upwards. Consequently their triceps muscles are 25 percent smaller than the biceps and weigh only around sixteen ounces (450 g), compared with 24 ounces (680 g) for the biceps. Contracting the triceps muscle can therefore only give a peak power output of thirty to forty watts, and the triceps can generate just nine joules in each contraction. This would be enough to crack open a walnut, which only takes one to two joules to break, but the nuts the Taï chimps eat, produced by Panda oleosa and Coula edulis trees, have far stronger shells, which take between twelve and one hundred joules to crush, depending on the type of hammer used. The blow the chimps produce should never be able to crack open these nuts.


The chimps get over this by adding to the energy produced by their muscle action another form of energy: gravitational potential energy. They don’t use small stones as hammers as you might expect, but logs or large rocks, which weigh on average twenty-two pounds (ten kilograms). They lift them slowly using their powerful biceps and shoulder muscles, until they are between twenty and forty-seven inches (50 and 120 centimetres) above the ground, storing 50 to 120 joules of potential energy, before the apes let them drop. The chimps therefore crack nuts not so much by using muscle power as gravity; by holding on to the rocks as they fall they merely supplement gravity and control their descent. This controlled-dropping technique is also used by several species of small capuchin monkeys and macaques, which can crack open a range of nuts and shellfish. Being far smaller than chimpanzees, between two and eleven pounds (one and five kilograms) in weight, these monkeys have even more difficulty providing the energy they need. They achieve their aim by lifting as large a stone as they can in both hands and using their leg, back, and arm muscles to raise it high above their heads. This gives the stone as much potential energy as possible, before the monkey finally brings the stone down on the nut, like the defender of a medieval castle flinging a rock down on a besieger.


Using such massive stones works, but it has major drawbacks. A twenty-two-pound (ten-kilogram) weight is hard for a chimpanzee to lift, ungainly to handle, and virtually impossible to transport. The apes have to have a permanent nut-cracking site where they bring their nuts. And a chimpanzee could never use a twenty-two-pound (ten-kilogram) tool as a weapon with which to hit other chimps, or as a projectile to throw at predators or prey; it is far too heavy. As a tool such a rock is single-use and an evolutionary dead end.


So how is it that humans, who are much weaker than chimpanzees, manage to use smaller stones to stove in other people’s skulls or throw them as projectile weapons? The answer is that we have devised methods to accelerate our tools that simultaneously use a great many more muscles. This has enabled us to produce far higher bursts of muscle power than apes, and to transfer much greater amounts of kinetic energy to our tools. We generate this power by exploiting what I call sling action.


Most people, including sadly most biomechanics and sports scientists, seem to believe that the only way to swing our limbs is to activate the muscles around our joints, to directly rotate them. This is exactly what the Taï chimps do. However, there are other ways to swing our limbs. The most obvious way to do this is to use the force of gravity, swinging our arms and legs to and fro past vertical, like pendulums, as athletes often do during their warm-ups. This action can also be strengthened if we accelerate the proximal joint upwards, as we do at each footfall when we walk or run. After our stance leg hits the ground, it accelerates our hips and body upwards, producing an enhanced pendulum action that accelerates the swing leg rapidly forwards to allow it to be ready to take the next step. This enhanced pendulum mechanism is especially strong when we run because the forces on the stance leg can be more than three times our weight. It can be even stronger when we kick footballs; we plant our stance leg firmly on the ground and push up with it, which accelerates our hip up and so swings our kicking leg rapidly forwards through the ball. So when we walk, run, or kick, most of the energy to swing our legs comes from contractions of muscles in the other leg and in our hips. We swing our legs without needing to contract the muscles within them, which is why we can walk and run with such a graceful loose-limbed gait.


And there is also a third way to accelerate a limb segment: to move its proximal joint in a circle, so that it is accelerating inwards. This produces a centrifugal force on the outer limb segment, creating a sling action that can accelerate it forwards even faster than the enhanced pendulum action. This sling action, powered by the rotation of our thighs and upper arms, accelerates our lower legs and forearms when we walk. It straightens our arms and legs automatically towards the end of each step and produces the huge forces that accelerate our feet rapidly forwards when we kick footballs.


We also use this same sling technique when we perform a hammer action such as banging our fists on a table. We don’t just straighten our elbow, as a Taï chimp does; we also use our shoulder muscles to rotate our upper arm downwards. This causes our elbows to move in a circular path, producing a sling action on our forearm, which aids the action of our triceps muscle to straighten our elbow and accelerate our hand. Using this technique, we activate not only the ten ounces (300 grams) of muscle in our triceps, but also the four pounds (2 kilograms) of internal rotator muscles in our shoulder. Just by using our upper arms, we can produce five times more power and energy than the chimpanzee.


We also make use of major differences in our body shape and in the way we move to further multiply the power we can produce. We are bipedal and have much broader shoulders than chimpanzees and a longer, more flexible back. Consequently, we can use the muscles in our legs, hips, and back, including the largest muscle in our body, the gluteus maximus, the muscle that makes our bottom stick out, to rotate our shoulders. This adds a second stage to the sling action. It accelerates our upper arm faster than our shoulder muscles could do unaided. And the faster our upper arm swings, the more strongly the circular movement of our elbow powers our forearm, and so the faster we can swing our hands.


Another consequence of using this double sling action is that when we perform a hammering motion, we swing our hand much farther than a chimp does when it performs the same action. We move it from being well behind our body at the start to well in front of our body on impact, a distance of around two yards (two metres). This gives our muscles enough time to contract, even when we are using smaller, lighter stones as hammers, so we can accelerate our hands to much higher speeds by the end of the strike. We can therefore use much smaller, more portable stones that weigh in the region of one to two pounds (0.5 to 1 kilograms) as tools. And we can swing them much faster.


The double sling action is so effective at accelerating small stones that we can even propel them fast enough to use them as projectiles. We can throw stones to deter predators or to inflict damage on our enemies, even when they are still some distance from us. We can transmit the energy we produce well away from our bodies.


I don’t know of any scientific studies that have been carried out to measure the amount of power and energy we can produce when we are hammering with a simple stone, but it is certainly much more than the Taï chimps can achieve with their simple action. And we can make a good approximation of it by examining how effective we are at performing its related action: throwing projectiles. These movements are fortunately far better studied because of people’s modern-day obsession with sports. Sports scientists have shown, for instance, that a baseball pitcher can throw a 5-ounce (145-gram) baseball at speeds of up to 100 mph (45 metres per second), transmitting around 115 joules of kinetic energy to the ball. It is not possible to throw heavier objects quite so fast, but an NFL quarterback can throw a 14.5-ounce (415-gram) American football at speeds of up to 60 mph (27 metres per second), giving it 120 joules of energy, while a European handball player can throw a 16-ounce (450-gram) handball at 50 mph (22 metres per second), giving it ninety joules of kinetic energy.


Of course, sportsmen are exceptional physical specimens and receive intensive training and coaching, so an ordinary person could probably only generate half that energy, around fifty to sixty joules. Even so, this is easily enough to break open a human skull. Experiments (presumably not on living subjects) have shown that this requires as little as fifteen joules. And generating sixty joules of energy and transferring it to a one-pound (0.45-kilogram) stone would be enough to propel it at a speed of 45 mph (20 metres per second), fast enough for it to fly up to eighty feet (24 metres). In contrast to human capabilities, when chimpanzees have been trained to throw overhand, they have been unable to propel stones at speeds greater than 15 mph (7 metres per second). Having given the stones a mere nine joules of kinetic energy, they are unable to throw them more than fourteen feet (4 metres)!


Humans can even produce powerful blows when we are not holding any tool at all in our hands—we can hit people with our closed fists. Boxers deliver two main types of punches: jabs and hooks. In the jab, boxers accelerate their hands much like a nut-cracking chimpanzee, by contracting their triceps to straighten their arm. Since a boxer stands sideways on and jabs with the hand closest to his opponent, the fist does not have far to travel, which allows a jab to connect within as little as 0.4 seconds. However, the maximum hand speed is low, typically only 15 mph (7 metres per second), giving our fist, which weighs around fourteen ounces (400 grams) (or twenty-eight ounces [800 grams] with boxing gloves), just eight to fifteen joules of kinetic energy. In contrast, with a hook the boxer uses their rear hand, so the fist has farther to travel. It typically takes 0.65 seconds to land, so is more easily evaded. However, in a hook boxers rotate the whole body to swing the shoulder forwards in a curve, producing a more powerful action that helps accelerate the fist up to 30 mph (13 metres per second), giving it thirty to fifty joules of kinetic energy. This is enough to knock out the opponent if delivered in the right place, though in modern boxing the blow is cushioned by the boxing glove, which prevents fractures of the skull or hand. The uppercut can be even more lethal, since it harnesses the powerful trunk muscles to help accelerate the fist upwards.
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