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This is a work of popular history. It rests on the public record of the Industrial Revolution — the patents and pamphlets, the parliamentary Blue Books and factory inspectors’ reports, the account books of mills and mines, the letters and autobiographies of the men, women, and children who lived it, and the work of historians and economists such as T. S. Ashton, David S. Landes, E. P. Thompson, Eric Hobsbawm, Joel Mokyr, Robert C. Allen, E. A. Wrigley, Emma Griffin, Sven Beckert, and Kenneth Pomeranz. It does not invent events or put words into mouths that the record does not support. Where a figure is disputed, where a familiar story turns out to be a myth, or where the evidence simply runs out, the text says so plainly. Industrial change and its human costs resist precise counting; many of the numbers in this book are the careful estimates of scholars, and are named as such.



For everyone who ever stood at a machine when the bell rang — and for the world their labour built, for better and for worse.




“And was Jerusalem builded here, / Among these dark Satanic Mills?” — William Blake, Milton (preface), 1808




“The bourgeoisie, during its rule of scarce one hundred years, has created more massive and more colossal productive forces than have all preceding generations together.” — Karl Marx and Friedrich Engels, The Communist Manifesto, 1848




“Steam is an Englishman.” — attributed, nineteenth century







A Note on Numbers, Names, and Myths

The people in this book did not know they were living through something later ages would name the Industrial Revolution. The very phrase was popularised only in the 1880s, by the historian Arnold Toynbee, long after the first mills had gone up and the first railways had been laid. To those who lived it, there was no single event to point to — only a slow, uneven, often bewildering change in how things were made, where people lived, and what a human life was for. One of the first tasks of a history like this one is to recover that bewilderment, because the world we take for granted — of factories and cities, of cheap goods and sustained growth, of clocks that rule the day — was, for most of human history, unimaginable.

A word about numbers. Almost every important quantity in this story is argued over by serious people: how fast output really grew, whether workers’ wages rose or fell in the early decades, how many children laboured in the mills, how much of Britain’s capital came from the slave economy of the Atlantic. This book gives the best current figures and, where they are contested, says so. The reader should treat the grand totals not as gospel but as the honest reckoning of scholars still arguing.

A word about the argument at the book’s heart. Historians have long divided into “optimists,” who see the Industrial Revolution as the moment humanity finally escaped grinding poverty, and “pessimists,” who see first a generation or two ground down in the mills before any benefit arrived. This book does not pretend the question is settled. It follows both cases through the evidence and lets the reader weigh them — for the truthful answer is that the Revolution was, at the same time, the greatest liberation and one of the harshest ordeals in the history of ordinary people.

Finally, a caution about myths. The age of steam generated its own legends almost as fast as it generated smoke — that James Watt was inspired by a kettle, that Ned Ludd was a real man, that the factory simply lifted the poor out of the fields into prosperity. Where a legend appears in these pages, the text will tell you what actually happened, and where the story came from. The truth, as usual, is the better one.





Chapter 1: The World Lit by Fire and Muscle

On a winter evening in 1700, in a village anywhere in England, the light went out with the sun. A tallow candle might burn in a farmhouse where there was money for one, throwing a small unsteady circle over a table; a rushlight, a reed dipped in fat, gave less. Beyond that ring of yellow, the dark was total in a way almost no one alive today has ever seen. The night was not a time for work or reading or travel. It was a time for sleep, for the fire’s embers, for stories told from memory because books were scarce and eyes strained. When the household rose, it rose to a world powered, as every world before it had been, by four things and four things only: human muscle, animal muscle, moving water, and moving air. Everything that got done — every furrow ploughed, every sack lifted, every thread spun, every ship sailed, every grindstone turned — was done by one of those four, or by the burning of wood. This was the organic economy, and it had ruled human life since the first farmers. In two centuries it would be gone.

It is hard, from inside a lit and centrally heated present, to feel the sheer scarcity of light in that world. Put a number on it and the strangeness sharpens. The economist William Nordhaus, in a famous piece of detective work, tried to reckon what illumination actually cost people across history, measured not in money, which changes, but in the one currency that does not — hours of human labour. His conclusion is startling. Around the year 1800, to buy the light that a single modern bulb throws off in one hour, an ordinary person burning tallow candles would have had to work for the better part of an afternoon; by one reckoning it took roughly fifty hours of labour to purchase a thousand lumen-hours of candlelight, a quantity your reading lamp will pour out, for a cost you cannot even feel on your electricity bill, in a matter of minutes. Light, in other words, was something like ten thousand times dearer in real terms than it is for you now. No wonder people went to bed with the dark and rose with the dawn. The president of Harvard College recorded in his diary in 1743 that it had taken his household two full days to render seventy-eight pounds of tallow into candles — a year’s supply of precious, smoky, guttering light, laid up like grain against the winter. To burn a candle needlessly was not a small waste. It was to burn money and effort that had been dearly won.

There is a common picture of the pre-industrial night that turns out to be wrong, and it is worth correcting because it tells us how differently these people lived inside the dark. It is often said that before electric light, our ancestors simply slept a long unbroken night of eight or nine hours. In fact, as the historian Roger Ekirch has shown from hundreds of scattered references in diaries, court records, and literature, most people slept in two shifts. They spoke of a “first sleep” and a “second sleep,” with a wakeful hour or two in between, some time near midnight, when a household might rise to tend the fire, pray, talk quietly, make love, or simply lie thinking in the dark before dropping off again. The unbroken block of sleep we now regard as natural is very likely an artefact of the bright, busy, clock-ruled world that industry built. Some sleep researchers suspect that the modern insomniac who wakes reliably at three in the morning, convinced something is wrong, is only obeying a rhythm his great-great-grandparents took entirely for granted. It is a small, intimate example of a large truth: the industrial age did not merely change what people owned. It reached inside them and changed how they slept.

It is worth standing inside that vanished world for a moment longer, because the scale of what came after only makes sense against it. The overwhelming majority of people who had ever lived were farmers, and the overwhelming majority of farmers lived close to the edge of hunger. A bad harvest meant not inconvenience but death; famine was not a memory but a recurring visitor. In France as late as 1750, chronic malnutrition held average life expectancy to around thirty-five years; in Britain, a little better fed, it reached perhaps forty. That figure conceals a horror we struggle to imagine: roughly half of all children died before they reached adulthood. A woman might bring seven or eight babies into the world and expect to bury three or four of them, and this was not tragedy but ordinary life, the common lot of nearly every family in every generation. Most people never travelled more than a few miles from where they were born, because to travel was to walk, or if you were fortunate to ride, along roads that dissolved into mud each winter. The world was, by our standards, empty, slow, dark, and poor.

It was, above all, slow in a way that is hard for us even to picture, because we have never had to wait for anything the way these people waited. The fastest thing in the organic economy was a galloping horse, and a horse cannot gallop for long. News, goods, and people all moved at the pace of hoof, sail, and boot. A letter or a rumour crawled across the country at the speed of the rider who carried it; word of a monarch’s death might take days to reach the far corners of the kingdom, and weeks or months to cross an ocean. To travel from London to Edinburgh by stagecoach in the mid-eighteenth century was a jolting, exhausting ordeal of well over a week, undertaken rarely and remembered for a lifetime, along roads so bad that coaches overturned, axles snapped, and passengers were sometimes robbed or benighted in the mire. A merchant who shipped goods to a distant market could not know for months whether they had arrived, been sold, or been lost at sea. Distance was not the mere inconvenience it is for us, softened by aeroplanes and instant messages; it was a hard wall that shaped every life, kept most people forever within a day’s walk of their birthplace, and made the wider world, for the ordinary villager, a rumour more than a reality. When the railway and the telegraph later annihilated that distance, contemporaries reached for the language of magic and miracle, because they had lived inside the slowness and knew exactly what was being overturned.

It was also, by the deepest measure of all, stuck. For thousands of years, the total wealth available to humanity had grown only as fast as its population, which is to say hardly at all in terms of what any single person could expect from life. A peasant in the England of 1700 was not meaningfully richer than a peasant in the England of 1300, or a farmer in ancient Rome, or a villager along the Nile in the age of the pharaohs. Clever people invented things — the plough, the mill, the printing press, the ship’s compass — and yet the mass of humanity stayed poor, because every gain in production was swallowed by more mouths. The economist Thomas Malthus would give this iron law its classic statement in 1798, in his Essay on the Principle of Population, arguing that population grew geometrically while food grew only arithmetically, so that the surplus was always eaten up and misery always returned. The grim joke of history is that Malthus published his book at almost the exact moment the law it described was, for the first time and without his quite realising it, being broken. For all of recorded time before he wrote, he was essentially right. For almost everything after, he would be wrong. Few thinkers have been so completely overtaken by events, and few have left a truer portrait of the world that was ending even as they described it.

Energy was the cage. A human labourer can sustain something like a tenth of a horsepower over a working day; a strong horse, naturally, about one. To grasp how feeble that is, consider that the small engine in an ordinary family car today develops the sustained power of well over a hundred horses, which is to say the muscle of something like a thousand men, available at the turn of a key and fed not on oats and hay but on a few pounds of fuel. The pre-industrial world had no such multiplier. Wind and water could be harnessed — the medieval world was studded with tens of thousands of watermills and windmills — but only where a river fell or a breeze blew, and only at modest and interruptible power. Heat came from burning wood or charcoal, and wood came from land, and land was finite and already crowded with the demand for food. A society that wanted more iron had to cut more forest to make more charcoal to smelt it, and Britain, by 1700, was running short of forest. This is the crucial, invisible constraint of the organic economy: almost everything a society could do ran, in the end, on the annual bounty of the sun as captured by living plants and moving air and water, and that bounty had a ceiling. You could not, however clever you were, get very far above it.

And yet beneath the ground, unused, lay an inheritance of ancient sunlight beyond reckoning. Coal was the fossilised remains of forests that had grown and died over hundreds of millions of years, a store of concentrated energy so vast that it made the annual flow of wood and wind look like a trickle beside an ocean. People had known about coal for centuries and burned it where it lay near the surface — Londoners choked on its smoke so badly that in 1306 King Edward I is said to have banned its burning in the city on pain of punishment, one of the first pollution laws in history, and about as effective as such bans usually are, since the smoke only thickened over the following centuries. But to reach the deep, rich seams meant digging mines that flooded, and pumping the water out meant power that the organic economy could not spare. The door to the greatest energy source humanity had ever touched was shut, and the key to it — a machine that could turn heat into motion — did not yet exist.

The story of the Industrial Revolution is, at its foundation, the story of how that door was opened, and of everything that poured out when it was. It is tempting to tell it as a parade of clever inventions, a succession of jennies and mules and locomotives, and those inventions matter and will fill many chapters here. But here is the misconception most worth resisting from the start: the notion that the Industrial Revolution was, at bottom, a triumph of ingenuity — that we simply grew cleverer than our ancestors and began inventing our way out of poverty. Ingenuity there certainly was, in glorious abundance. But clever people had lived in every age; the ancient Greeks built working steam toys, medieval monks engineered astonishing mills, imperial China possessed gunpowder, printing, and the compass while Europe was still half-wild. Cleverness alone never lifted the human condition, because cleverness was forever chained to the organic ceiling. What changed, between roughly 1760 and 1900, was that a human society for the first time escaped that cage and learned to draw, in enormous and ever-growing quantities, on the stored energy of the earth. With that energy it could make machines do the work of muscle, on a scale muscle could never approach. And with that leverage, for the first time in the history of the species, the wealth available to an ordinary person began to grow, and kept on growing, generation after generation, in the great upward curve that economists call modern economic growth and that most of us simply call the modern world.

That curve is the single most important fact in this book, and perhaps the most important fact in modern history. If you plot the material standard of living of an average human being across ten thousand years, it runs nearly flat — poor, precarious, unchanging — until, at the very end, it turns sharply and shoots upward, like the blade of a hockey stick. The place where it turns is here: in the mills of Lancashire and the coalfields of the north, in the workshops of Birmingham and the ironworks of Coalbrookdale, in the lifetimes of the people this book is about. You meet the far end of that curve every time you flick a switch and summon, for a cost too small to notice, the light that once cost a labourer a day’s wages; every time you cross a continent in the hours it once took to reach the next market town; every time you eat in February food that grew a hemisphere away. The people who bent the curve did not know they were doing it. Most of them were simply trying to spin more thread, sell more cloth, pump more water, or feed their families. But between them, in a few crowded decades, they remade what it meant to be alive on the earth — and set loose forces, from the crowded modern city to the warming of the whole planet, that we are still reckoning with today.

To understand how it happened, we must begin not with the machines but with the world they overturned: the green, slow, hungry, sunlit world of muscle and fire, and the particular corner of it, a damp island off the coast of Europe, where the cage was first broken open.




Chapter 2: The Rhythms of the Land

The year had a shape, and everyone lived inside it. In the open-field village of pre-industrial England — and most of the country was still open-field in 1700 — the calendar was not a grid of numbered days but a sequence of tasks dictated by soil and season and the angle of the sun. Ploughing began when the ground thawed and dried enough to take the share. Sowing followed, the seed cast by hand from a sack, broadcast in a wide arc across the furrows, much of it eaten by birds. Then came the long green waiting of spring and early summer, filled with weeding and the tending of animals, until the great climax of the year: the harvest, when every able body in the parish, men and women and children, bent for weeks in the fields with sickle and scythe to bring in the grain before the weather broke. Miss the harvest, or lose it to rain, and the village went hungry until the next one. After harvest came the slaughter of animals that could not be fed through winter, the salting of meat, and the slow dark months when there was little to do but mend, and spin, and wait for the ground to thaw again. This was the rhythm of the land, and it had turned, more or less unchanged, for a thousand years.

To feel how alien this rhythm was, consider how these people reckoned time itself. The historian E. P. Thompson, in a celebrated essay of 1967, drew the distinction that has shaped every discussion since: the pre-industrial world lived by task-orientation rather than by the clock. A job was measured by its own completion — the milking done, the field ploughed, the batch of cloth finished — not by the hands of a watch, which hardly anyone owned and few could read. A labourer did not work “an eight-hour day”; he worked until the task was done, hard when the task pressed and idle when it did not. Thompson quotes the wonderful observation that in such a culture there is little demarcation between “work” and “life,” and social intercourse and labour are intermingled, so that the working day lengthens or contracts according to the job in hand, and no one much minds. To a modern eye, accustomed to selling our hours in neat and numbered blocks, this looks like chaos. To them, our habit of glancing at a clock to know whether it is time to eat would have seemed a peculiar kind of servitude.

The land itself was farmed in a way that would look, to modern eyes, almost wilfully inefficient — though it embodied a hard-won communal logic. A typical village sat amid two or three vast unfenced fields, divided into hundreds of narrow strips. A single family did not farm one consolidated plot but held strips scattered across all the fields, a share of good land and bad, near and far. This was not stupidity but a rough sort of insurance: with your holding spread across the parish, no single patch of blight, flood, or frost could ruin you entirely, and the burden of the poor soil and the far corners was shared out fairly among all. Decisions about what to plant and when to plough were made in common, by custom and the manor court, because the strips were intermingled and animals grazed the stubble together after harvest. Beyond the arable lay the common — waste ground, rough pasture, wood and fen — where the poorest villagers had ancient rights to graze a cow or a few geese, gather firewood, cut turf, and glean. These commons were the thin margin between subsistence and destitution for the landless labourer, and the memory of losing them would echo through the coming century.

At the centre of this system sat a fact that limited everything: one field in every two or three lay fallow each year, growing nothing, resting so the soil could recover its fertility. To farm land was to mine it of nutrients — chiefly nitrogen, though no one yet knew to call it that — and without a way to put them back, the only remedy was rest. That fallow field was the organic economy’s tax on agriculture, and it meant that a third or a half of a nation’s arable capacity produced no food in any given year. Picture a factory forced by law to shut a third of its machines at all times and you have the scale of the waste, except that here the closure was not folly but necessity, imposed by the plain fact that a worn-out field would simply yield less and less until it was allowed to lie idle. The dream of the improving farmer — and there were such men, reading their treatises and arguing at market — was to abolish the fallow, to keep every field working every year. That dream, when it came true, would help feed the cities that industry was about to build.

The physical labour that turned this world was of a kind few of us could now endure. To plough even a single acre of heavy clay with a wooden or iron-shod plough drawn by a team of oxen was a full day’s brutal work, the ploughman wrestling the beam straight while a boy goaded the beasts along, the pair of them walking, by the end of the season, a distance that would have carried them clear across the country. Oxen were slow but patient and cheap to keep, since they could be fattened and eaten when their working days were done; horses were faster but dearer, needing grain that might otherwise feed people. Reaping the ripe corn was done bent double with a sickle, a stroke at a time, hour upon hour, in a heat that felled the weak; the harvest was a race against rot and storm in which the whole parish, gentry excepted, took the field together. There were no machines to lift, carry, thresh, or grind that a human or animal did not directly power. A man’s body was his engine, and it wore out early. The stooped back, the ruined hands, the joints swollen by a life of damp toil — these were the ordinary marks of age in a labourer of forty, who might already be a grandfather and would not, in all likelihood, see sixty.

Yet the same calendar that drove them so hard also gave the year its shape and its consolations, and we should not paint the picture wholly black. The end of the harvest was crowned by the “harvest home,” a feast given by the farmer to his workers, with meat and ale and rough music, the last sheaf carried in with ceremony and sometimes dressed as a corn-dolly and kept for luck. There were hiring fairs where servants sought new masters and courting couples met, wakes and revels tied to the parish saint, mumming and wassailing at midwinter. The gleaning of the fields after harvest — the ancient right of the poor to gather the fallen grain — was itself half a social occasion, the women and children of the village moving across the stubble together in the long light of a September evening. It was a life of grinding want punctuated by communal celebration, and when the celebrations later thinned and the rights were fenced away, their loss was felt as keenly as the loss of bread.

Just how close to the edge these people lived can be glimpsed in the cold arithmetic of the age’s own observers. When the statistician Gregory King tried, around 1688, to draw up a balance sheet of the whole English nation, he reckoned that well over half the population — the labourers, cottagers, paupers, and poorest craftsmen — earned less than they consumed, and survived only by running down what little they had, by charity, or by the thin margin of the commons. A society in which the majority of families cannot quite pay their own way is a society perpetually one bad harvest from catastrophe, and King’s figures, rough as they are, capture the permanent precariousness of the pre-industrial poor. This is the hard fact that the nostalgic picture of merry village life leaves out, and it is why, for all the feasts and fairs and freedoms, the coming of a world that could actually produce a surplus — enough food, enough cloth, enough of everything to lift the floor beneath ordinary lives — would prove, whatever its cruelties, an escape worth making.

Work in this world was not divided from life as it is for us. The peasant household was a unit of both, and its members moved between tasks as the day and season demanded, without a bell to mark the hours. The pace was uneven — brutal at harvest, slack in winter — and shot through with the festivals and holy days of the church calendar, which broke the year with feasts and fairs and drink. Historians who have counted the old saints’ days, church ales, and parish feasts reckon the pre-industrial labourer may have enjoyed, by our standards, a surprisingly generous ration of days off — some estimates run to a month or more of holidays scattered through the year, over and above Sundays — though he paid for them dearly in poverty and hunger, and the leisure was less a right than the natural slack of a task-driven world. Time was told by the sun, the church bell, and the seasons; a man might not know the date, and would have no use for a watch. Most telling of all was the workman’s unofficial holy day, “Saint Monday” — the widespread tradition of not working, or working little, on the first day of the week, sleeping off the weekend’s ale and easing back into labour by Tuesday or Wednesday. Thompson found the potters of the 1830s and 1840s still keeping “a devout regard for Saint Monday” long after the factory bell had arrived, so deep did the habit run. It was exactly this loose, self-directed, bout-and-idleness rhythm of work that the factory would set out to crush, and it would take generations of fines, locked gates, and moral lectures to do it.

Here it is worth meeting a misconception head-on. It is often said, by writers understandably sickened by the smoke and squalor that industry brought, that the pre-industrial village was a lost idyll of rooted community and honest labour, a green world of contentment that the machines destroyed. There is a grain of truth in the nostalgia, and we should not sneer at it. But the reality was harder than the dream, and honesty requires that we say so plainly. The pre-industrial poor were poor beyond modern imagining. They ate a monotonous diet of bread, cheese, and weak beer, with meat a rare luxury; they lived in one- or two-room cottages of mud and thatch, often shared with the animals whose warmth was a genuine comfort in winter; they were, in modern terms, chronically malnourished, riddled with parasites and disease, and old at forty. Their children died in droves. Their horizons were narrow, their rights few, their lives at the mercy of the harvest and the landlord. Here is the detail the romantics could never quite forgive: when cheap factory cloth and cheap factory goods later came within reach of such people, they reached for them, eagerly and without apology. A poor woman who could at last own a printed cotton gown, washable and bright, in place of a single scratchy garment of undyed wool worn until it rotted, did not mourn the loss of the picturesque. She bought the gown. Any account of this age that forgets her is a fairy tale.

And this rural world was, crucially, not static in the way the strip-fields might suggest. Beneath the old routines, England in particular was already stirring. Its population, having stagnated for a generation, began to climb steadily after about 1740, and would nearly double across the century — a rising tide of people that pressed on the land and pushed the surplus poor toward towns and toward any work that could be found. Its agriculture, as we shall see, was quietly becoming the most productive in Europe, throwing off both food and labour. Its villages were already threaded with industry of a kind — the spinning wheel turning in the cottage, the weaver’s loom in the upstairs room, the smith at his forge — for much manufacturing before the factory was done by rural people in their own homes, in the slack time between farm tasks. The line between “farmer” and “worker” barely existed. A single family might grow oats, keep a pig, spin wool for a merchant, and send a son to the harvest three villages over, and think none of it unusual, because the categories we use to sort economic life — this person a farmer, that one a factory hand — had not yet been invented, and would themselves be among the creations of the age to come.

That last fact — that manufacturing was woven through the countryside, in the homes of people who were half farmers — is where the story of industry properly begins. And here is where you meet this vanished world today, in an argument that has never gone away. When we now debate the four-day week, or the “right to disconnect” from work after hours, or whether we should measure a job by output rather than by time served at a desk, we are quarrelling with the ghost of the factory clock and reaching, half-consciously, back toward task-orientation — toward a way of working that fits labour to the rhythm of a life rather than the other way round. The pre-industrial villager, who worked ferociously at harvest and dozed through February, and who kept Saint Monday holy, would find our office hours baffling and our weekends a thin ration. He would recognise, though, the longing behind our reforms. For the first great transformation of this story was not in coal or iron or steam, but in cloth, and cloth was made, at the dawn of our tale, by the light of the cottage door, on machines a family could afford, at a pace the family set. To understand the factory, we must first understand the system it destroyed: the world of the spinning wheel and the handloom, of the merchant on his horse and the weaver at his window — the domestic system, the putting-out trade, the industry that lived in the home.




Chapter 3: Cloth by the Cottage Door

The merchant came on horseback, his saddlebags heavy with raw wool or, increasingly, raw cotton, and he went from cottage to cottage in the villages of the West Riding or the hills of Lancashire, dropping off material and collecting the finished work of the last visit. This was the putting-out system — the domestic system, the cottage industry — and for centuries it was how the western world made cloth. It had no factories, no fixed hours, no foreman. It was industry organised as a web of homes, coordinated by merchants and the market, and it employed, in its scattered fashion, a very large share of the working population of pre-industrial England. Cloth was the country’s greatest manufacture and greatest export, and almost all of it began in a cottage, on tools a family owned, in hours the family chose.

The making of cloth was a chain of tasks, and the chain ran through the whole household. First the raw fibre had to be cleaned and combed or carded, straightening the tangled mass into a workable form — often the job of the youngest children, whose small fingers were set to work almost as soon as they could sit up. Then it had to be spun: the fibres drawn out and twisted into a continuous thread strong enough to weave. Spinning was done on the spinning wheel, and it was, above all, women’s work — so much so that an unmarried woman was called a “spinster,” a word that has outlived by centuries the craft it once described, and survives now only on marriage certificates and in the vague sense of a woman past her youth. The link was no accident of language: spinning was the one respectable, portable trade by which a woman without a husband could earn her own bread, and a great many women lived their whole lives at the wheel. A single spinner, however skilled, could feed only so much thread down the line, and this mattered enormously, as we shall see. Finally the thread was woven into cloth on a handloom, warp threads strung tight and weft threads passed between them by a shuttle thrown from hand to hand. Weaving was generally men’s work, done at a loom that filled a room of the cottage. After weaving came the finishing — fulling, dyeing, stretching — some of it already done at water-powered mills.

The economics of this system are worth pausing on, because they contained the seed of everything that followed. The whole chain was limited by its slowest link, and for most of history the slowest link was spinning. Here is a fact that captures the whole predicament: it took the labour of roughly four, five, or even more spinners, working steadily at their wheels, to keep a single weaver supplied with thread. Picture a household in which the father weaves at his loom in the good light of the window while his wife, his mother, his daughters, and perhaps a hired girl or two all spin as fast as their hands allow, and still the loom is hungry, still the weaver must sometimes sit idle waiting for yarn. The spinning wheel, elegant and ancient, produced one thread at a time, at the speed of one pair of hands, and no amount of effort could make it produce two. So long as that was true, there could be no great leap in the output of cloth, because you could not weave faster than you could spin, and you could not spin faster than the wheel allowed. The bottleneck was in the thread.

That bottleneck grew suddenly, agonisingly worse in 1733, when a Lancashire man named John Kay patented the flying shuttle. Before Kay, a broad piece of cloth needed two weavers, one at each side of the loom, to pass the shuttle back and forth by hand; Kay’s device, a shuttle mounted on little wheels and flicked across the loom by a jerk of a cord, let a single weaver throw it from side to side alone and far faster, roughly doubling how much cloth a weaver could produce. This was a genuine advance, and it made Kay few friends — weavers who feared for their livelihoods rioted and are said to have wrecked his house, and he eventually died poor and embittered in France, one of the many inventors of this age to be broken by the very trade he transformed. But the flying shuttle also did something with vast consequences: by speeding up weaving, it made the shortage of yarn far more acute. Now a single fast weaver could devour the output of six or eight spinners. The pressure on the spinning end of the chain became unbearable, spinners’ wages rose, and the market screamed for a way to make thread faster. Remember this: the first true machines of the Industrial Revolution were not looms or engines but devices to break the spinning bottleneck, and everything cascaded from there.

At the centre of this scattered web sat the merchant, and it is worth understanding what he did, because his role explains why the system could grow so large and yet remain so fragile. He was the coordinator and the banker of the whole trade. He bought the raw fibre in bulk, advanced it to the cottages, set the piece-rates, collected the finished work, arranged the successive stages of carding, spinning, weaving, and finishing across dozens or hundreds of separate households, and sold the cloth at last in the great markets — the Cloth Halls of Leeds and Halifax, or through the export houses of London and Bristol. He owned little in the way of buildings or machinery; his capital was tied up in fibre and yarn strung out across the countryside, and his skill lay in judging quality, managing credit, and reading a distant and unpredictable market. This arrangement had knit itself around the geography of Britain: the worsted and woollen trades in the West Riding of Yorkshire and the West Country, where sheep and soft water and old skill came together, and the booming new cotton trade in south Lancashire, whose damp climate happened to suit the spinning of cotton and whose port of Liverpool, a short way off, landed the raw bales from across the Atlantic. Whole regions had specialised in cloth, and tens of thousands of families depended on the merchant’s saddlebags arriving on time.

It suited these families, in the beginning, because it dovetailed so neatly with the farming year. Spinning and weaving were work that could be picked up in the long idle months of winter and the slack spells between sowing and harvest, and set down again when the fields called; the wheel could be turned by a woman minding a pot, the loom worked by lamplight after the beasts were fed. Industry, in this first form, did not compete with agriculture but filled its gaps, and the extra shillings it brought were often the margin that let a cottager pay the rent or buy a little meat. Historians have a name for this dense weave of rural manufacturing that spread across much of Europe before the factory — “proto-industrialisation” — and it was no mere prelude but a great economic system in its own right, one that clothed a continent. Its very success, though, was what strained it to breaking point, for as demand climbed, the leisurely rhythm of the cottage could no longer keep pace, and the pressure built exactly where the wheel could not be hurried: at the spinning of the thread.

The domestic system had real virtues, which is why it lasted and why its passing was mourned. The worker owned his own tools — the wheel, the loom — and worked in his own home, at his own pace, answerable to no master’s clock. He could put down the shuttle to tend a garden, mind a child, drink at the alehouse, or observe Saint Monday, and make up the work later in a late-night burst. Whole families laboured together, old and young, in a rhythm they controlled. The independent handloom weaver, in the good years of high demand before the power loom, could earn a decent wage and prized his freedom fiercely; he thought himself, and was, a species of small master, not a servant. This independence would make the coming of the factory feel, to such men, less like an opportunity than a theft — the theft of their autonomy, their tools, and their standing, and their reduction to hired hands tending someone else’s machines. When we come to the Luddites, some chapters hence, it is this lost independence, more than the machines themselves, that we shall find them grieving for.

But the domestic system had limits that would prove fatal. It was slow, because it moved at the speed of the human hand. It was dispersed, so quality varied from cottage to cottage and the merchant could not easily supervise the work or prevent the household from stealing a little of the raw material — a chronic grievance, since “embezzlement” of wool and yarn was so rife that Parliament passed a string of laws against it, and merchants complained bitterly of the fibre that vanished between the doorstep and the finished cloth, spirited away to be sold on the side. It could not concentrate power: a spinning wheel could not be driven by a waterwheel, because it lived in a cottage, not beside a river. And it could not, in the end, meet the demand that was rising all around it — a demand swollen by a growing population, by expanding overseas markets, and above all by a hunger for one particular fabric that was sweeping the western world: cotton.

Cotton is the hero and the villain of the early Industrial Revolution, and we will meet it many times. Light, washable, printable, and cheap in a way wool and linen were not, it had been made for millennia in India, China, and the Middle East, where hand-spinners and weavers produced fabrics of a fineness Europe could not begin to match. It is often assumed that Europe led the world in textile skill; in fact the traffic in admiration ran entirely the other way. The finest muslins of Dhaka, in Bengal, were spun so gossamer-thin that contemporaries reached for poetry to describe them, calling them “woven air” and “webs of woven wind”; a whole turban’s length, it was said, could be drawn through a finger-ring, and a full bolt folded into a matchbox. Nothing produced in Britain came remotely close. Indian calicoes and muslins flooded into Britain through the East India Company in the seventeenth century and caused a sensation — and a backlash. The novelist and pamphleteer Daniel Defoe grumbled that the foreign cotton had “crept into our houses, our closets, and bed-chambers,” ousting good English wool, and the woollen interest won a series of Calico Acts, in 1700 and 1721, that banned the import and even the wearing of printed Indian cotton, on pain of fines, to protect native industry.

But the taste for cotton could not be legislated away — indeed the very illegality lent it glamour, and smugglers and “calico madams” flouted the law with relish. British manufacturers began instead to make their own, importing raw cotton and spinning and weaving it at home. The trouble was that European hands could not spin cotton as fine or as cheaply as Indian hands, and so British cotton cloth, made on the domestic system, was coarse and dear and uncompetitive. A nation had acquired an appetite it could not feed. Here, then, was the pressure that would blow the domestic system apart: a booming demand for cotton cloth; a bottleneck in spinning that no hand could break and that the flying shuttle had made worse; a merchant class hungry to profit and frustrated by the slowness of the cottage; and, waiting in the wings, the possibility — dimly seen at first — that spinning might be done not by one pair of hands and one wheel but by a machine, and a machine, once built, might be made to run not on muscle but on the tireless turning of a waterwheel or, later, an engine.

The stakes could hardly have been higher, for cotton was not a minor trade but the one poised to explode. Within a lifetime of these frustrations it would become Britain’s greatest industry and greatest export, clothing the world and pouring wealth into Lancashire on a scale no woollen merchant had ever imagined. The men who would break the bottleneck are names we shall meet in earnest in the chapters ahead — James Hargreaves with his multi-spindle jenny, Richard Arkwright with his water-powered frame, Samuel Crompton with the mule that married the two — but it is worth marking now that not one of them was a scholar or a gentleman of science. They were a weaver, a barber and wig-maker, and a spinner’s son: practical, obscure, often barely lettered men, tinkering by candlelight at a problem the whole market was screaming to solve. That the modern age was set in motion by such hands, and not by philosophers, is one of the quiet truths of this story.

You meet the far end of this story every time you pull on a cotton T-shirt that costs less than a sandwich. The garment in your drawer is the direct descendant of that eighteenth-century scramble to make cotton cheap — the same fibre, grown in warm fields far away, spun and woven by machinery whose remote ancestors were built precisely to escape the four-spinners-to-a-weaver trap; and the global supply chain that now stitches your shirt in Bangladesh, a short way from the very Bengal that once out-spun the world, closes a circle three centuries wide. The men who first glimpsed the machine that would break the bottleneck were not scholars or gentlemen but clockmakers and barbers and weavers, tinkering in workshops in the English Midlands and the north. When they succeeded, they did not merely make more thread. They set in motion the migration of work out of the home and into the mill, of people out of the village and into the town, and of the whole society out of one age and into another. But before we follow the machines, we must see clearly the wall they were about to break through — the hard ceiling of the organic world, and why it pressed hardest on the one damp island where the breakthrough came.




Chapter 4: The Limits of an Organic World

Imagine you are the ruler of a prosperous pre-industrial country and you wish to double your output of iron — for tools, for weapons, for ploughs. In the organic economy, this simple ambition runs almost at once into a wall. To smelt iron ore you need heat, intense and sustained, and heat comes from charcoal, and charcoal comes from wood, and wood comes from trees, and trees grow on land, and land is finite and already spoken for by the far more urgent business of growing food. Double your iron, and you must roughly double your consumption of forest; but the forest cannot be doubled, because there is nowhere to put more of it without starving your people. This is the trap of the organic economy, and it is worth grasping firmly, because escaping it is what the Industrial Revolution fundamentally was. Everything in the old world competed for the same scarce resource: land, and the annual flow of energy that land, bathed in sunlight, could produce.

The scale of the iron problem is easy to underestimate until you put figures to it. To make charcoal you cook wood slowly in a covered heap until it becomes almost pure carbon, and it takes a great heap of wood to yield a modest pile of charcoal, and a great pile of charcoal to smelt a modest weight of iron. Historians who have reconstructed the sums reckon that a single charcoal-fired blast furnace, running through the year, could consume the entire sustainable growth of many thousands of acres of coppiced woodland — an area of managed forest larger than many an English parish, devoted to feeding just one furnace. A country that wanted a dozen furnaces needed a forest the size of a county to keep them alight, year after year, for ever. No wonder England’s ironmasters had, by 1700, all but exhausted the accessible woodlands of the south and were drifting into the wooded valleys of the Weald and the Forest of Dean and beyond, chasing the last cheap timber. The nation that would soon out-produce the world in iron was, at the dawn of our story, running out of the fuel to make it at all.

The anxiety this bred was real and articulate, and we can hear it in the voices of the time. In 1664 the diarist and gardener John Evelyn published Sylva, a passionate plea to the landowners of England to plant trees on a national scale, warning that the country’s woods were being devoured by the iron-mills, the glass-houses, and the ever-hungry navy, and that without deliberate replanting the kingdom faced a timber famine that would leave it unable to build its ships or heat its homes. The fear of running short of oak for the fleet — for a first-rate warship swallowed the timber of many acres of mature forest — was a genuine matter of state, debated in Parliament and fretted over by admirals, because a nation that could not build ships could not defend an island. Here, in miniature, is the whole logic of the organic ceiling laid bare: wood for ships competed with wood for iron competed with wood for fuel competed with land for food, and every use pressed on every other. Evelyn’s remedy — plant more trees and wait a lifetime — was the only one the organic economy could offer, and it was hopelessly slow against a rising demand. The real answer, when it came, would not be more forest at all. It would be to stop relying on the forest.

The historian E. A. Wrigley gave this idea its clearest modern statement, and it reorganises the whole story. In the organic economy, he pointed out, all the main sources of energy and materials came from plants, either directly or at one remove. Food for people and fodder for animals were plants. Fuel was wood. The raw materials of industry — wool from sheep that ate grass, leather from cattle, cotton and flax and timber — were all, ultimately, products of the land and its capture of sunlight. Even the “mechanical” power sources, water and wind, though not plant-based, were flows of solar energy, and were limited to particular places and particular moments. The total energy a society could command was therefore capped by the area of land it controlled and the efficiency with which land converted sunshine into usable form. You could push against that cap with cleverness and effort, but you could not smash through it, because the sun’s annual gift was fixed.

This is why pre-industrial economies, however sophisticated, kept hitting the same ceiling. The Dutch Republic of the seventeenth century, the richest and most commercial society Europe had yet produced, ran partly on peat dug from its bogs and on the wind that turned its thousands of mills, and squeezed remarkable prosperity from a small territory — but it too was bounded, its peat finite and its windmills becalmed on still days, and in the eighteenth century it stagnated. Imperial China, for centuries the most advanced economy on earth, presents the sharpest lesson of all. Here it is worth correcting a comfortable Western assumption. We are apt to suppose that Europe industrialised because Europeans were uniquely inventive or rational, and that other civilisations simply lacked the ideas. China explodes that flattery. Song and Ming China possessed vast cities, sophisticated markets, printing centuries before Gutenberg, gunpowder, the compass, paper money, and canals of breathtaking ambition; its scholars and engineers were the equals of any on earth. Parts of China, particularly the lower Yangzi delta, were as commercially advanced and as prosperous per head as the most developed corners of Europe deep into the eighteenth century — a near-parity that the historian Kenneth Pomeranz called “the great divergence,” precisely because the two ends of Eurasia had stood so nearly level before they split apart. What China had reached was a kind of high-level equilibrium in which an enormous, skilled population farmed the land with exquisite intensity — and could go no further, because there was no more land and no new source of energy conveniently to hand. Cleverness was never the missing ingredient. Cheap coal, near water, near a society organised and driven to exploit it, was.

Consider what the organic ceiling meant in practice. A society that wanted more of everything — more food, more cloth, more iron, more heat, more transport — found that each of these demands pressed on the others through the medium of land. More sheep for wool meant less land for grain. More charcoal for iron meant less woodland for building and fuel. More horses for transport meant vast acreages given over to growing their oats and hay; contemporaries and modern historians alike have noted that a fully horse-powered economy must feed its horses before its people, and that the land needed to fodder a nation’s working animals could swallow a startling fraction of its farmland — perhaps a fifth or more in a heavily horse-reliant system. Growth in one sector came at the expense of another. The economy was, in the deepest sense, a zero-sum competition for the produce of the soil. And because population tended to rise whenever times were good, the gains were forever eaten up, and the mass of people forever returned to the edge of subsistence — Malthus’s grim equilibrium.

Now consider what coal offered. Beneath Britain, and beneath much of the world, lay coal seams representing not one year’s sunshine but the accumulated photosynthesis of the Carboniferous age, three hundred million years of stored solar energy compressed into black rock. The quantities were, for practical purposes, limitless. And crucially, coal did not compete with food for land in the same way, because it did not grow on the surface; it was mined from below. To burn coal instead of wood was to tap a stock rather than a flow — to spend an inheritance rather than live on an income. This is the single most important idea in the book, so it is worth making vivid. Wrigley and others tried to reckon just how much land Britain was effectively conjuring out of the ground, and the results are staggering. By the middle of the nineteenth century, they estimate, the coal Britain burned each year did the work of an imaginary forest of some fifteen million acres — a phantom woodland roughly the size of England’s entire farmed surface, existing nowhere, taking up no room, competing with no field of wheat. And coal was only the largest of these “ghost acres.” The raw cotton Britain imported to feed its mills, had it been wool grown on British sheep, would have demanded something like twenty-three million acres of pasture the island did not possess; the sugar of the West Indies stood in for another two million acres of wheat; Canadian timber for a million acres of forest. Britain, in effect, ran on land it did not have — some of it buried beneath its feet in the form of coal, some of it borrowed across the oceans through empire and trade. That is the escape hatch from the organic economy: not cleverness alone, but a new and colossal source of energy that broke the ancient link between land and power.

The iron trade offers the neatest illustration of how that escape was made, and it is worth glancing ahead to it, because it shows the pattern that would repeat across the whole economy. The obvious answer to the charcoal famine was to smelt iron with coal instead of wood, and men had tried for generations and failed, because raw coal carries sulphur and other impurities that ruin the metal, making it brittle and useless. The breakthrough came at Coalbrookdale, in a wooded gorge of the Severn in Shropshire, where around 1709 a Quaker ironmaster named Abraham Darby succeeded in smelting iron with coke — coal that has been baked to drive off its impurities, much as wood is baked into charcoal — and produced good, cheap iron without touching a single tree. It is a mark of how hard the problem was that Darby’s method spread only slowly, taking most of the century to be perfected and widely adopted; and it is a mark of the whole revolution’s character that the gorge where he cracked it, with its later cast-iron bridge flung across the river, is now a museum and a place of pilgrimage. What Darby had done, in principle, was to swap a flow for a stock — to release the iron trade from its dependence on the annual growth of forests and hitch it instead to the buried, near-limitless carbon of the coal seam. Multiply that single substitution across smelting, heating, and eventually the raising of power itself, and you have the escape from the organic economy in a sentence.

But an escape hatch is useless if you cannot open it, and coal, for all its abundance, posed problems the organic world could barely solve. The best and biggest seams lay deep, and deep mines flooded with groundwater that had to be lifted out continuously or the pit drowned. Lifting water from hundreds of feet below the surface required power — a great deal of it, sustained day and night — and the only powers available were horses walking in circles and, where a stream ran, a waterwheel. Neither could do the job at depth for long; a team of horses might drain a shallow pit but was hopeless against the flood in a deep one, and eating its head off in fodder all the while. So there was a maddening circularity: coal was the key to unlimited energy, but you needed a powerful engine to get at the coal, and a powerful engine needed… energy. Britain’s miners were, quite literally, drowning at the threshold of the modern world.

The breaking of this deadlock — the invention of a machine that could burn coal to make the power to mine more coal — would be one of the pivotal acts of human history, and we will come to it in the chapters on steam. For now, hold on to the shape of the problem, because it explains the strange fact that the Industrial Revolution happened where and when it did. And hold on, too, to the darker meaning of the escape. To live on an inheritance rather than an income is exhilarating while the inheritance lasts, but an inheritance, by definition, is not replaced. When we worry today about carbon in the atmosphere and the warming of the planet, we are contemplating the final bill for the very bargain struck in these years — the decision, made without anyone quite deciding it, to power human life by digging up and burning the buried sunlight of a vanished age. The organic economy was poor, hungry, and cruel, and almost no one who escaped it would choose to return. But its one great virtue was that it lived within its means, on the income the sun sent down each year. The world we built instead is rich beyond the dreams of any pharaoh, and it is spending a stock that took three hundred million years to lay down. Both truths belong in the story from the very beginning.

The Industrial Revolution required, together and in one place, a society hungry for growth and hitting the organic ceiling; abundant coal lying close to navigable water; a mining industry desperate enough to pay for any device that could drain a pit; and a culture of tinkerers and entrepreneurs willing to build such devices and put them to work. Several parts of the world had some of these ingredients. One damp, coal-rich, commercially minded island off the coast of Europe had all of them at once. Why Britain, and why the eighteenth century — that is the question we turn to next.




Chapter 5: Why Britain? Why Then?

It is the great question of modern economic history, and it has launched a thousand books: why did the Industrial Revolution begin in Britain, a middling kingdom on the wet north-western fringe of Europe, and why in the second half of the eighteenth century rather than a hundred years earlier or later, or somewhere else entirely? No single answer satisfies, and any honest account must present a web of causes rather than a single trigger. There is a natural temptation, met in pub arguments and popular histories alike, to reach for one grand explanation — it was British liberty, or British science, or British coal, or British empire, or the Protestant work ethic — and to bang the table for it. Resist that temptation. The truth is that several conditions, none of them sufficient alone and several of them present elsewhere, happened to converge on one island at one moment, and it was the convergence, not any single ingredient, that lit the fuse. But the question is worth confronting head-on, because the answers reveal what the Industrial Revolution actually required — and remind us that it was not inevitable, not foreordained, and very nearly might not have happened at all.

Start with coal, because we have just seen how much it mattered. Britain sat on enormous, accessible coalfields — in the north-east around Newcastle, in Lancashire and Yorkshire, in the Midlands, in South Wales and Scotland — and, being an island, it had unmatched coastal and river access to move heavy, bulky coal cheaply by water. London had burned “sea-coal,” shipped down the east coast from Newcastle in a great fleet of collier ships, since the Middle Ages; the phrase itself records that the fuel arrived by sea. By the eighteenth century, Britain was already, by a wide margin, the greatest coal-mining nation on earth, digging more than the whole of the rest of the world put together — an astonishing dominance for so small a country, and one with no real rival for another century. This gave it two things at once: cheap energy, and a mining industry so plagued by flooding that it would pay handsomely for a machine to pump water — the very pressure that would call the steam engine into being.

The economic historian Robert Allen has built on this to advance the most influential recent answer to our question, and it turns on an unlikely hero: the high wage. By the standards of the age, British workers were comparatively well paid — real wages in London and the industrial districts were high relative to those on the Continent or in Asia, so that a British labourer could buy more bread and candles and cloth with a day’s work than his counterpart in Paris, Florence, or Beijing. High wages are usually thought a burden to an economy, but Allen turned this on its head. Where labour is dear and energy is cheap, he argued, it becomes profitable to build machines that replace workers by burning fuel. A spinning machine or a steam engine is, from the employer’s cold-eyed view, simply a device for swapping expensive human hands for cheap coal-power. Allen made the point concrete with the spinning jenny: he calculated that the early jenny paid for itself handsomely in the high-wage conditions of Lancashire, where it saved dear labour, but barely paid at all in low-wage France and not remotely in still cheaper India, where a hand-spinner cost so little that no manufacturer would trouble to buy a machine to replace her. The same clever device, in other words, was worth building in one country and not in another — not because Englishmen were cleverer than Frenchmen or Indians, but because in Britain, uniquely, the arithmetic came out in the machine’s favour. Other historians dispute how much weight this single factor can bear, and the debate is lively and unfinished; but few deny that it captures something real about why invention paid in Britain when it paid nowhere else.

Then there was agriculture. Britain, and especially England, had by 1750 the most productive farming in Europe, the fruit of a long, quiet revolution in the fields that we will examine in the next chapters. Productive agriculture did two things for industry. It fed a growing, urbanising population without importing food, and — just as important — it freed labour, since fewer farmers were needed to feed the nation, releasing hands for other work. The contrast with the rest of Europe is stark: in France, well into the nineteenth century, the great majority of people still had to work the land simply to keep everyone fed, which meant there were few hands to spare for anything else. A country where nearly everyone must farm cannot build a large industrial workforce, however many inventions it dreams up. Britain, feeding itself with a steadily shrinking share of its people, could.

Institutions mattered too, and here Britain’s turbulent seventeenth century paid unexpected dividends. The upheavals of that age — civil war, the public execution of one king in 1649, the deposing of another in 1688 — had ended in the settlement known as the Glorious Revolution, which subordinated the Crown to Parliament, secured property rights, and gave the commercial and landed classes a strong hand in government. Property was safe; contracts were enforceable; the state, though it fought many expensive wars, did not arbitrarily seize the wealth of its subjects as some Continental monarchies did. Britain had a national bank from 1694, a sophisticated market in credit and public debt, joint-stock companies, marine insurance, and a legal system broadly friendly to enterprise. It had, in the patent system, a way — imperfect and much abused, but real — for an inventor to hope to profit from an invention. A man who built a better machine in Britain had at least a fighting chance of growing rich by it, and the prospect of riches is a powerful spur to the midnight tinkerer.

Joel Mokyr has stressed a further, cultural ingredient, which he calls the “Industrial Enlightenment”: a growing conviction among educated Britons that useful knowledge could and should be applied to the practical business of production, and a dense network of scientific societies, dissenting academies, skilled instrument-makers, and improving gentlemen who carried ideas from the laboratory to the workshop. The flavour of it is caught perfectly by a small club that met in Birmingham in the second half of the century. Its members — among them the manufacturer Matthew Boulton, the engineer James Watt, the potter Josiah Wedgwood, the chemist Joseph Priestley, and the polymath physician Erasmus Darwin, grandfather of Charles — gathered for dinner and experiment on the Monday nearest the full moon, so that they might ride home safely by its light along dark and rutted roads. From this they cheerfully styled themselves the Lunar Society, and called one another “lunar men” and even “lunaticks.” Here, at one supper table, sat the money, the mechanical genius, the marketing flair, and the cutting-edge science of the age, arguing about steam and chemistry and business over the wine — a living picture of a culture in which knowing and making had begun to talk to one another. No such conversation, sustained and unembarrassed, was happening at scale anywhere else in the world.

Beneath the famous names lay a broader and less celebrated asset: an unusually deep pool of skilled hands. Britain teemed with clockmakers, locksmiths, millwrights, instrument-makers, wheelwrights, and jobbing metalworkers — practical men who could read a drawing, cut a gear, bore a cylinder true, and turn a rough idea into a working thing of brass and iron. This mattered more than any single invention, because an invention is only a sketch until someone can build it accurately and mend it when it breaks. When James Watt needed a cylinder bored to a fineness no one had achieved before, it was the cannon-borer John Wilkinson who could do it; the steam engine waited, in a real sense, on the skills of the gunsmith’s trade. The millwrights who had spent centuries building and repairing the water-mills of England carried exactly the mechanical instincts that the new machinery demanded, and they moved readily from the mill-race to the factory. This craft tradition could not be conjured up overnight or decreed into being; it was the slow sediment of generations, and it gave Britain something rarer than clever ideas — the workshop capacity to turn ideas into hardware, and to copy, tweak, and improve them a thousandfold once they existed.

The contrast with France, Britain’s great rival and in many ways its superior in pure science, throws all this into relief and guards us against easy assumptions. France in the eighteenth century possessed the finest mathematicians and chemists in Europe, grander universities, and a monarchy that lavished money on prestige projects. Yet its economy laboured under burdens Britain had shed. Internal customs barriers chopped the country into a patchwork of tolls, so that goods were taxed again and again as they moved from province to province; powerful craft guilds guarded old methods and resisted the new; the state was
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