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ABOUT THIS STUDY

The pneumatic tire is one object: a ring of rubber, fabric, steel and air. It is also, read properly,
an entire map of modern industry. This study treats the item as its own industry and follows it
whole, from a Scottish engineer's patent of 1845 to the airless prototypes being tested on
delivery vans today. The approach is material first: what the thing is made of, who made it,
through what steps and pipelines, at what cost, and what economies grew around it. The item is
established globally before any single country is examined; the India layer of this library comes
later, once the elements are in place.

A note on spelling: the object was born a "tyre" in Scotland and Ireland and grew up a "tire" in
America. This study uses "tire" throughout, except in names and quotations, where the original
spelling is kept. Figures are stated as their sources state them, forecasts are labelled as
forecasts, and every load-bearing claim carries a small reference tag, like this °°!!, which
resolves in the companion source file that accompanies this book. That companion also records
what was and was not read in preparing the study.

All artwork in this book is Al-generated for illustration and is listed on the credits page at the
back. No real person is depicted. Historical figures appear only in the text.
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PROLOGUE

Four Patches of Rubber

Every journey you have ever taken by road rested on four pieces of rubber, each about the
size of the palm of your hand.



A car travelling at highway speed is, in engineering terms, a controlled
collision between a machine and a planet, and the whole negotiation is
conducted through four contact patches of rubber, each roughly the area of a
human palm. Everything the vehicle promises - acceleration, braking, steering,
comfort, safety - is delivered through those patches or not delivered at all. The
engine can be magnificent, the brakes carbon-ceramic, the suspension tuned by
geniuses; if the four patches cannot transmit the forces, none of it exists. The tire
is not a component of the vehicle. It is the vehicle's argument with the ground.

And yet the tire is the least regarded major object of the industrial world. It is
black, round, and quiet when it works. It has no screen, no dial, no obvious
moving part. Most owners cannot name the company that made the ones on their
own car, although the name is moulded into the rubber in letters an inch high. The
tire is infrastructure worn as clothing: always on display, never seen.

This invisibility is a measure of success, and it hides one of the great accumulation
stories of industrial history. Inside that black ring are more than a hundred raw
materials *'") - two families of rubber, soot refined to near-molecular fineness,
steel drawn finer than hair, synthetic fabrics descended from parachute silk and
nylon stockings, sulphur, zinc, silica, oils, resins and a pharmacopoeia of
protective chemicals. Around that ring stands an industry that in 2025 was worth
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about $282 billion and made roughly 2.6 billion tires in a single year “**, feeding
an even larger replacement market, a plantation economy spread across the
tropics, a petrochemical chain reaching back to refineries and gas fields, a
machine-tool sector that builds some of the largest presses in civilian
manufacturing, a racing economy, a retreading economy, a recycling economy, and

a waste problem measured in billions of units **’.

The pneumatic tire is also a strange thing to exist at all. Its working element is
nothing - or rather, air, the one material every other industry gets for free and
does not have to carry. A tire is a machine for imprisoning a small quantity of the
atmosphere and making it behave like a spring, a cushion and a structural
member all at once. It has no solid axle of support; the load of the vehicle hangs,
quite literally, from the top of the wheel, suspended by the tension of the inflated
casing. That a bag of air can carry a truck is not obvious. That it took humanity
until 1845 to patent the idea, until 1888 to make it practical, and until the
twentieth century to build an industry on it, tells you that the obvious is usually
just the familiar in disguise.

This book follows the item the way the item actually runs: from the inside out. We
begin with the air itself and the two Scotsmen who tried, forty years apart, to put



it to work. We move outward through rubber, carbon, fabric and steel - each a
material with its own industry, its own geography, its own violence and luck. We
watch the object get industrialised: the factories of Akron, the mixers and presses,
the radial revolution that redrew the map of the industry in a generation. We
examine the market as it stands - who makes the world's tires, where the
materials come from, what constrains the whole system. And then, because no
honest study of an industry can stop at the loading dock, we follow the tire to its
end: the billion tires a year that leave service, the particles that wear off every tire
on every road, and the chemical question that regulators on three continents are
now asking. We close with the serious attempts now underway to abolish the air
inside the tire altogether - which, if they succeed, will make this book a history of
a 140-year interlude between the solid wheel and whatever comes next.

One more thing before we begin. The tire asks a question that runs through every
study in this series, and it is worth holding while you read: civilisation did not set
out to want this object. It needed it. The difference between the two - between the
need that forced an invention and the want that an invention creates - is where
most of modern industry lives. Once, civilisation needed. Now, it just wants. The
pneumatic tire is one of the few objects that sits on both sides of that line at once.

The scale of the dependence is worth fixing before the story begins, because the
numbers are the kind that slide past. The world makes on the order of two and a
half billion pneumatic tires a year - estimates differ by what they count, and this
book will be careful about the difference - and consumes, in making them, more
than fifty million tonnes of raw materials annually “**. Something like seventy
percent of all the natural rubber harvested on earth, and a still larger share of the
synthetic rubber polymerized, goes into this one product “**’. A modern passenger
tire is built from more than a hundred raw materials and more than two hundred
in some specialist constructions; it is, by mass, roughly half rubber, a quarter
carbon black and silica, an eighth steel and textiles, and the rest a pharmacist's
shelf of oils, sulphur, zinc, waxes and protective chemicals °*/'**¥5%  And it is
discarded at a rate of about one billion tires a year - in the developed world, by
the industry body's rueful formulation, roughly one tire per person per year ",
Few objects so small carry so much of the industrial system inside them:
plantation agriculture and petrochemistry, textiles and steel, logistics and retail,
racing and regulation, and - as the last part of this book must honestly face - a
growing share of the environment's ledger too.

A note on spelling, since it cannot be avoided: the object is a tyre in most of the
world and a tire in North America, and the two spellings divide the primary



sources of this book roughly in half. The book uses tire in its own voice, for
consistency with its title, and leaves the quotations and source titles as they were
written. The thing itself, thankfully, is spelled the same everywhere on the
sidewall, in a code the whole world agreed to share - one of the quiet diplomatic
triumphs this book will visit in Chapter 10 =",



PART ONE - THE SPRING OF AIR

Air, Held Hostage

The working part of a tire is the one material every other industry gets for free.

The pneumatic principle: a small quantity of the atmosphere, imprisoned and put to work as a spring.
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S trip a tire of its mystique and you find an arrangement so simple it sounds

like a joke. There is a wheel. Around the wheel is a hollow ring of reinforced
rubber. Inside the ring is nothing - or rather, air, compressed to two or three times
the pressure of the atmosphere outside. That imprisoned air carries the car. Not
the rubber, which is mostly a container; not the steel and fabric, which mostly
restrain the container; the air. Every other component of the object exists to keep
a few litres of the atmosphere hostage and force it to behave like a machine part.
The pneumatic tire is, before anything else, a way of making air do work.

This is worth pausing on, because it explains both why the tire was invented and
why it was not invented sooner. Air is free, weightless and everywhere. It is also
invisible, ungraspable and, for most of human history, not obviously a material at
all. The idea that air has substance - that it pushes, resists and can be compressed
into a spring - is a scientific idea, and a fairly recent one. The wheel is at least five
thousand years old. The understanding that made the pneumatic wheel possible is
barely four hundred.

The wheel before the spring

For most of the wheel's long career, the problem of the road was solved by
ignoring it. A wooden wheel with an iron tyre - the word originally meant the iron
band tied around the rim, and only later migrated to the rubber ring - transmits
every stone and rut directly into the axle, the vehicle, the cargo and the
passenger. On the rutted tracks of the pre-industrial world, at the speed of a
walking horse, this was tolerable. Two changes made it intolerable, and they
arrived in the wrong order.

The first change was the road itself. In the early nineteenth century, engineers like
John Loudon McAdam in Britain demonstrated that roads could be built from
compacted layers of broken stone into surfaces that were smooth, durable and
fast. For the first time, wheeled vehicles had surfaces worth hurrying on, and
vehicles began to be designed to hurry. Speed on a smooth surface exposed the
second problem with sudden clarity: a rigid wheel at speed does not merely jolt, it
hammers. Vibration damages cargo, exhausts passengers, rattles vehicles apart
and injures the horses that pull them. What was needed was not a harder wheel
but a softer one - a wheel that could swallow the small violence of the road before
it reached the axle.

The second change was the arrival of a material that could be asked to do the
swallowing. India rubber - the dried latex of tropical trees, known to Europe since
the eighteenth century - was a curiosity until Charles Goodyear, after years of
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obsessive experiment, found that rubber mixed with sulphur and heated lost its
fatal habits: it no longer turned sticky in summer heat or brittle in winter cold.
Goodyear's discovery of 1839, patented in the United States on 15 June 1844 as
an improvement in "India-rubber fabrics," made rubber into an engineering
material =" Within a few years, solid rubber tyres were being fitted to
carriage wheels, and they helped. But a solid rubber ring is only a thin cushion; it
absorbs the edges of impacts, not the impacts themselves. The deep softness that
speed demanded could not come from any solid material. It had to come from a
spring, and the cheapest, lightest, most perfectly elastic spring in existence was
the one nobody had yet bottled: air.

The physics of the air spring

A compressed gas is a remarkable spring. Steel springs store energy by bending
metal; they are heavy, they fatigue, and their stiffness is fixed at manufacture. A
gas stores energy in the very motion of its molecules, and its stiffness is tunable at
the valve: add air and the spring stiffens, release air and it softens. An air spring
weighs essentially nothing beyond its container. It cannot snap, shatter or take a
permanent set. And unlike a metal spring, which pushes back in proportion to how
far it is deflected in an unchanging line, the air spring inside a tire responds in a
way that turns out to be nearly ideal for carrying vehicles: the bigger the bump,
the more progressively the air resists, while small ripples pass almost unnoticed
into the softness.

The way an inflated tire actually carries a load is more elegant still, and widely
misunderstood. The intuitive picture - the wheel resting on a squashed cushion of
air - is wrong. A modern pneumatic tire hangs its load from the top. The inflated
casing is a tension structure: internal pressure pulls every part of the carcass
tight, the way air pressure tautens a balloon, and the wheel rim is suspended from
the upper half of the casing by that tension, much as a bicycle wheel hangs its hub
from the upper spokes. At the bottom, the casing flattens into the contact patch,
not because it bears the load in compression but because the casing there briefly
relaxes. The air's job is to keep the whole structure tensioned and to press the
flattened patch against the road with a force equal, over the patch's area, to the
corner-weight of the vehicle. This is why a tire's size and pressure jointly
determine what it can carry, and why the tire industry speaks of loads and
inflation pressures in the same breath. The rubber and cords are the rigging; the
air is what makes the rigging a structure.
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Here, in one mechanism, is everything the coming industry would spend a century
perfecting: a container for air that must flex millions of times without cracking,
hold pressure for months without leaking, grip rock and mud and ice and standing
water, and carry loads from a child's tricycle to a four-hundred-tonne mining truck
- all while being cheap enough to be worn out and thrown away by the billion. But
in 1845 none of that existed yet. There was only the spring of air, and the first
man to patent a way to use it.

The aerial wheel

Robert William Thomson was a Scottish engineer of the restless, many-limbed
kind the nineteenth century produced in numbers - an inventor who ranged across
machinery, road surfaces and even early fountain pens, and who seems to have
understood earlier than anyone else alive that air, properly contained, could
transform land transport. In December 1845, in London, he was granted a British
patent for what he called an improvement in carriage wheels; French and
American patents followed in 1846 and 1847 "°*/*%?), The United States patent,
granted on 8 May 1847 as number 5,104, describes the idea with wonderful
clarity: a hollow belt of rubberised fabric and leather, inflated with air, fitted
around the wheel "so that the ground and the wheel never come into contact" - an
air cushion interposed between the vehicle and the world °%,

Thomson called them aerial wheels, and they were not paper vapour. They were
built and demonstrated: horse-drawn carriages fitted with his inflated tyres ran in
London, and contemporary accounts recorded the eerie novelty of a heavy vehicle
passing in near silence, without the iron clatter that defined city streets. The
design was, for its moment, astonishingly complete. Thomson understood that the
inflated tube needed a protective outer cover; he understood that the cover would
wear and the tube must be serviceable; he even grasped that the air chamber
could be divided into separate cells so that a single puncture would not collapse
the whole tyre - a concept his patent describes and which would keep resurfacing
in tire design for the next century and a half %,

And then - nothing. The aerial wheel failed, and it failed for reasons that had
nothing to do with the soundness of the idea and everything to do with the state of
the world around it. The materials were not ready: natural rubber in the 1840s
was expensive, variable, and still poorly understood despite Goodyear's
breakthrough, and Thomson's leather-and-rubber construction was costly to make
and hard to maintain. The vehicles were not ready: horse-drawn traffic had settled
habits and modest speeds, and the owners of carriage fleets felt no urgent need
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for silent, gentle wheels at a premium price. And the customer who would
eventually make the pneumatic tire inevitable - the private rider of a fast, light,
human-powered machine - did not yet exist. The bicycle boom was forty years
away. Thomson's tyres were, as the National Museums Scotland's history of the
Dunlop tyre puts it, "considered too expensive to manufacture at the time," and
the invention lapsed into the patent archive “°*.

Thomson had the right idea at the wrong moment, which in the history
of technology is a commoner fate than having the wrong idea. The
patent record is full of correct answers to questions nobody was yet
asking.

There is a lesson embedded here that this series of studies keeps meeting: an
invention is not an event but an alignment. The idea, the material, the machine
that needs it, and the market that will pay for it have to arrive together. In 1845,
exactly one of the four had arrived - the idea. The material would be ready within
a generation, as plantation rubber brought prices down and quality up. The
machine and the market would arrive together in the 1880s, in the form of the
safety bicycle and the millions who suddenly wanted one. Thomson died in 1873,
fourteen years before a veterinary surgeon in Belfast, entirely ignorant of the
aerial wheel, inflated a rubber tube for his son's tricycle and restarted the whole
story [5011(503]

Why it had to be air

It is worth asking, before leaving the principle, why the pneumatic solution won so
completely that no rival has displaced it in 180 years. Solid rubber tyres persisted
for decades on heavy vehicles and persist today on forklifts and some industrial
equipment; springs, slatted wheels, and every manner of mechanical suspension
have been bolted to axles. All of them solve the wrong problem or solve it at the
wrong cost. Suspension between the axle and the vehicle protects the vehicle but
leaves the wheel hammering the road and losing grip on every ripple. The
pneumatic tire is the only solution that softens the contact at the contact itself. It
puts the spring between the road and everything else, which is exactly where the
spring needs to be. And it does this with the only spring material that costs
nothing, weighs nothing, and ships itself to the factory for free through the
atmosphere.
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The entire tire industry - the plantations, the refineries, the carbon black
furnaces, the cord mills, the great presses, the $282 billion of annual commerce
5241 - exists to dress this one idea in materials tough enough to survive it. The air
does the work; everything else is there to keep the air honest. That inversion is
the reason a book about a tire must begin not with rubber, as one might expect,
but with the nothing inside. It is also the reason the industry's deepest current
debate, which we will meet at the end of this book, is about whether the nothing
can finally be engineered away - whether the spring of air, after two centuries, can
be replaced by a structure of plastic and glass fibre that does its job **'. The
answer to that question is being decided on delivery routes in France and
Singapore right now. To understand what is at stake in it, we first have to watch
the idea succeed - which it did, the second time, on a Belfast tricycle.

The solid tire's last stand

To feel what the pneumatic tire replaced, it is worth giving the solid tire its due,
because it was a serious product with a long reign. From the 1840s, vulcanized
rubber was moulded into solid bands and pressed or bolted onto carriage and
wagon wheels, and for half a century the solid rubber tyre was the premium wheel
equipment of the horse-drawn world - quieter than iron, kinder to the road,
gentler on the animal. When the first motor lorries appeared, they rolled on solid
rubber, and the limits arrived with the speed: a solid tyre is a thin cushion over an
unyielding core, and above walking pace it hammers everything - cargo, chassis,
driver, and the road surface itself, which solid-tyred heavy lorries were observed
to damage badly enough that some jurisdictions legislated against them. The early
commercial vehicle's path to the pneumatic tire was slower than the car's for
exactly this reason: the truck needed the air tyre more and could get it later,
because building a pneumatic casing to carry lorry loads defeated the cord fabrics
of the day until the 1920s and 1930s. The solid tire survives today where speed is
irrelevant and damage is everything: forklift trucks, airport ground equipment,
skid-steer loaders, the castors of factory carts - the world below twenty kilometres
an hour. Its long exit from the road is a reminder that technologies do not vanish;
they retreat to the niches where their weaknesses do not matter.

The road that asked the question

It is also worth recording what the nineteenth century's road-building revolution
had changed, because the pneumatic tire is unthinkable without it. The Roman
road was a pavement for armies; the medieval road was a mud negotiation; the

15



stagecoach road was a maintained track. McAdam's broken-stone surface - later
bound with tar into tarmac - was the first road engineered as a machine surface:
drained, cambered, smooth and hard, built for speed rather than mere passage.
By the 1880s the industrial countries had tens of thousands of kilometres of such
roads, and the traffic on them was transforming from freight at a walk to
passengers and mail at a trot and then at a run. A faster road did not merely
tolerate a better wheel; it demanded one, because every imperfection arrives
more often and more violently as speed rises. The air spring answered a question
the road itself had asked. When the motorway and the autobahn raised the
question again in the twentieth century, the answer would come not from the
spring but from the skeleton around it: the radial casing of Chapter 8. The pattern
of the whole history is there: the road improves, the wheel is forced to follow, and
the industry is rebuilt around the answer.

Before the spring: six thousand years of hard wheels

To understand what the pneumatic tire changed, it helps to sit for a moment with
what came before it, because the wheel spent almost its entire history getting
harder. The first wheels were solid discs of plank wood, and for millennia they
were judged by a single virtue: they did not break. The spoked wheel, when it
arrived, was a weight-saving device for war chariots and prestige carriages, not a
comfort device. The iron tyre - a hoop of wrought iron shrunk hot onto the wooden
felloes, gripping the wheel together as it cooled - was a durability technology: it
took the abrasion of the road so the wood did not have to. Every one of these steps
made the wheel a better carrier of load and a worse absorber of shock. By the
early nineteenth century a fast carriage on an iron-shod wheel was a machine for
converting road roughness directly into the spines of its passengers, and the
limiting factor on road speed was not the horse but the vehicle's ability to survive
its own vibration. Coaches were slung on leather braces and later on elliptical
steel springs, which helped the passengers but did nothing for the cargo of the
wheel itself: the iron tyre still hammered the stones, and the stones hammered
back.

The first soft answer was not air but rubber itself. Within a few years of the early
rubber industry's founding, solid rubber was being applied to wheels, and by the
middle of the century a real industry existed in solid cushion tyres - thick bands of
rubber fitted to carriage and, later, bicycle wheels. The cushion tyre was a
genuine improvement: it quietened the wheel, softened the sharpest blows, and
gripped the road. But it was soft only in the way a block of eraser is soft. Solid
rubber is nearly incompressible; push it and it bulges sideways, and the energy of
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every bump is spent deforming a heavy mass of material that immediately
demands it back. A cushion-tyred wheel was still, in engineering terms, a hard
wheel with a soft skin. And rubber was expensive: a thick band of it around every
wheel was a significant fraction of the cost of the vehicle it carried. The cushion
tyre marked out the correct direction and could not travel far down it.

Why air is the perfect spring

The physics of the pneumatic tyre begins with a comparison that every cyclist
learns in the legs before learning it in equations. A spring's job is to store energy
when the road pushes up and return it when the road falls away, and the ideal
spring for a vehicle wheel has three properties: it should absorb a large deflection
without a large increase in force, it should return nearly all the energy it stores,
and it should weigh almost nothing. Steel leaf springs fail the first and third tests
at the scale of a wheel. Solid rubber fails the second: its internal friction turns a
meaningful share of every compression into heat, which is why a cushion-tyred
wheel running fast grows warm. Air passes all three. A volume of air in a flexible
envelope compresses readily and smoothly, its pressure rising gently as it is
squeezed; it stores the energy of compression as pressure and returns almost all
of it on release, because a gas has almost no internal friction of its own; and it
adds practically no mass to the wheel. A modern car tyre is, by weight, mostly
fabric, steel and rubber - but the part that actually carries the car, the part that
the load truly rests upon, is a few hundred grams of air. The tyre's structure exists
to give that air a shape and to protect it. This inversion - the cheapest ingredient
doing the most important work - is the founding insight of the entire industry, and
everything in this book follows from it: the materials are chosen to hold and shield
the air, the factories are built to assemble the envelope, and the market exists
because no cheaper spring has ever been found 5,

Thomson's aerial wheel

Robert William Thomson was twenty-three when he took out the patents that
made him, by right, the father of the pneumatic tyre - and he was not thinking
about comfort at all. He was thinking about tractive effort: the work a horse had
to do to drag a carriage. His "Aerial Wheels", patented in France in 1846 and in
the United States on 8 May 1847, replaced the hard tyre with "a hollow belt
composed of some air and water tight material, such as suitable leather, with an
outer covering or casing of leather or other suitable pliable material, inflated with
air, so that the wheels shall have an elastic bearing on the ground" - the United
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States patent describes the aim as ensuring that "the ground and the wheel never
come into contact" *°?. Thomson built demonstration wheels and fitted them to a
horse-drawn brougham, and the contemporary accounts record the two effects
that still define the product: the carriage drew more easily, and it moved quietly,
the rumble of iron on granite replaced by something witnesses struggled to
describe. The instrumented claim - that pneumatic wheels reduced the effort of
draught - was the same claim Michelin would make the core of its business fifty
years later under a different name: rolling resistance “°**>%,

Why, then, did the aerial wheel vanish for forty years? The National Museums
Scotland's account of the episode gives the blunt answer: the invention was
"considered too expensive to manufacture at the time" “°*. Behind that sentence
sits a chain of dependencies that 1847 could not supply. Thomson's belt had to be
made by hand from the best rubberized fabric and leather available, and the
rubber industry of the 1840s was an infant, still working with unvulcanized
material that softened in summer heat and stiffened in winter cold - Charles
Goodyear's sulphur cure was barely three years old and not yet standard practice.
There was no seamless inner tube, no reliable valve, no rim designed to grip an
inflatable tyre, and - decisively - no vehicle that needed one badly enough to pay.
Horse-drawn traffic had tolerated hard wheels for six thousand years; the
incentive to absorb the cost of a delicate, hand-made, leak-prone tyre did not
exist. Thomson moved on to other inventions - he was an engineer of genuine
range, later working on steam tractors and the fountain pen - and died in 1873,
fifteen years before the world caught up with his wheel %%/ His patents
expired, unexploited, into the public domain - a fact that would detonate in the
middle of the industry's first great legal battle in 1890, when the Dunlop
company's foundational patent was invalidated precisely because Thomson had
published the idea first “*°*.. The first inventor of the pneumatic tyre thus shaped
the industry twice: once by imagining it, and once, posthumously, by freeing it.

The economics of air

One more property of the pneumatic principle deserves emphasis before the
narrative begins, because it explains the industry's entire shape: air is the only
component of the tire that is free. Every other ingredient - rubber, carbon, steel,
cord, oil - must be grown, drilled, drawn, woven, bought and shipped. The working
medium itself, the spring that carries the load, arrives with the atmosphere and
costs nothing at the margin beyond the energy of compression. This is why the
pneumatic tire defeated every challenger not on comfort alone but on cost-per-
mile: a solid tire of equal load capacity would need many kilograms of expensive
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rubber where the pneumatic uses grams of air; a metal spring of equal travel
would weigh and cost more than the wheel it served. The tire industry's product is
thus, in the strictest sense, a container for nothing - a precision vessel whose
entire value lies in holding the commonest substance on earth in the right shape
under the right pressure, reliably, for years, at speed, in all weathers, for a retail
price lower than a good pair of shoes. Everything the industry is - its scale, its
margins, its global production map, its obsession with compound recipes and
process control - follows from the paradox of selling, essentially, packaged air at
industrial volumes °Y*?*/ The chapters that follow trace each strand of that
paradox: who first packaged the air, what the package is made of, how it is built,
who builds and sells it, and what it costs the world to keep a billion and a half
vehicles riding on the wind.
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PART ONE - THE SPRING OF AIR

The Vet, the Tricycle, and the Race

John Boyd Dunlop reinvented the pneumatic tire without knowing it had been invented,
proved it at a race, and lost the patent anyway.

The safety bicycle: the machine that turned the pneumatic tire from a curiosity into an industry.
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he second invention of the pneumatic tire began, by the most repeated

account, with a headache. In Belfast, in 1887 or 1888, a boy named Johnnie
Dunlop complained that riding his tricycle over the cobbles to school rattled him
miserably. His father, John Boyd Dunlop, was a veterinary surgeon - a man whose
profession was, at bottom, the care of working animals in a world that ran on
them, and who knew rubber well because veterinary practice was full of it: gloves,
tubes, sheeting. Watching his son's discomfort, Dunlop did what a practical man
does with a problem and a material he understands. He took a rubber tube, made
it into an air chamber, wrapped it in canvas and rubber, fixed it to a wooden disc
of a wheel, and rolled it across the yard against the boy's metal-shod wheel. The
rubberised wheel, in the National Museums Scotland's telling, "proved far
superior." He fitted the device to the tricycle's front wheel, and the ride improved
at once ",

Dunlop was forty-seven years old, born in 1840 on a farm at Dreghorn in Ayrshire,
trained at William Dick's Veterinary College in Edinburgh, and settled since 1867
in practice at Downpatrick in Ireland "%'. Nothing in that biography points at
industrial history. Yet within three years his backyard device would be patented,
raced, celebrated, capitalised into a company, and then legally annihilated - and
Dunlop himself would be left, in the Engineering Hall of Fame's understated
summary, a man whose name became a global trademark "completely
disconnected from its inventor" ", The story of the tire's second birth is also the
story of how industries separate inventors from inventions, and it set patterns the
whole sector has repeated ever since.

The bicycle moment

To see why Dunlop's tube mattered when Thomson's aerial wheel did not, look at
the machine it landed on. The 1880s were the decade of the safety bicycle: two
equal wheels, a chain drive to the rear, a diamond frame - the bicycle as we still
recognise it. It was lighter, faster and far more personal than any vehicle before it,
and it was arriving exactly as Victorian cities filled with clerks, shopkeepers,
students and, radically, women, all of whom wanted independent movement. The
safety bicycle created something new in the history of transport: a mass market of
private individuals, each buying a complete machine with their own money, each
exquisitely sensitive to how the machine felt beneath them.

And the safety bicycle, on its thin solid rubber tyres, did not feel good. High
speeds on cobbles and tram tracks turned its very virtues - lightness, rigidity,
small wheels - into a vibration problem that no frame design could solve. The
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machine was ready for the spring of air before anyone in the bicycle trade knew it.
When Dunlop, having moved from the tricycle to full-size wheels, applied for a
patent on 23 July 1888, he was answering a question the entire bicycle world was,

without knowing it, already asking. The patent was granted on 7 December 1888
[S03]

The prototype that survives tells the story of how improvised the whole thing still
was. Dunlop's own tyre, which he later presented to the museum in Edinburgh, is
made from Arbroath sailcloth and India rubber - a vet's materials, not an
engineer's “°". The construction of the earliest Dunlop tyres, as the era's patent
litigation records it, was a sandwich: a layer of rubber inside, a layer of canvas to
resist the expansion of the air, a layer of rubber outside, the whole formed as a
continuous ring that sat in a concave rim and was held there by strips of canvas
stuck fast with rubber solution **?'. It worked, and it was nearly impossible to
repair. That tension - the tire worked brilliantly and serviced terribly - would drive
the next decade of invention, and we will follow it in the next chapter.

The race at Queen's College

In the nineteenth century, new transport technologies were proven the way new
drugs are proven now: in public trials, under pressure, with reputations at stake.
The trial of the pneumatic tire came on 18 May 1889, at the Queen's College
sports meeting in Belfast. Dunlop persuaded Willie Hume, captain of the Belfast
Cruisers Cycling Club, to fit the air tyres for the day's racing. Hume was a
respected rider but not the day's favourite; the sons of Harvey Du Cros, a wealthy
financier and cycling enthusiast, were. Hume won all four cycling events he
entered on the pneumatic tyres "%,

It is difficult to overstate what a race result meant to a technology in 1889. There
was no instrumented testing industry, no standards body for bicycle tyres, no
trade press with dynamometers. There were races, and the men who watched
them. Hume's four wins in a single afternoon demonstrated, in the only currency
the market accepted, that the air tyre was not a comfort accessory but a
performance weapon. The beaten father, Harvey Du Cros, responded as financiers
do: he looked past the defeat to the advantage. Within months Du Cros had joined
forces with Dunlop, the business of the Dublin cycle and agricultural-implement
agents Booth Brothers was refloated as the Pneumatic Tyre and Booth's Cycle
Agency, and Dunlop made over his patent to the venture for £300 in cash and
3,000 £1 shares !, The veterinary surgeon's yard experiment had become a
company.
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What followed was one of the great demand explosions of the consumer age.
Bicycle makers who had sneered at "pudding tyres" found they could not sell a
machine without them. Racing adopted the air tyre wholesale, and the records of
the early 1890s fell in cascades as the rolling resistance of the pneumatic proved
itself against every solid rival. The tyre's supremacy, as Dunlop's biographical
record notes, had been demonstrated in the most public way available *°*. The
spring of air had found its machine.

The patent that was already dead

Then, in 1890, the ground opened. Preparing to defend their position, the new
company's lawyers discovered what Dunlop had not known: the pneumatic tyre
had been patented decades earlier. Robert William Thomson's aerial wheel -
patented in France in 1846 and in the United States in 1847 - anticipated the core
claim of Dunlop's 1888 patent, and the Dunlop patent was declared invalid ==,
The foundation asset of the company was void. Any maker in Britain could now
build air tyres, and many did.

Here the story turns from invention to something more instructive for this series:
the anatomy of survival after the idea escapes. The Du Cros enterprise, stripped of
its foundational monopoly, did two things at speed. It bought its way into the next
layer of the technology - in 1891 Du Cros purchased the patent of Charles
Kingston Welch, whose wired-on method of attaching the tyre to the rim solved
the mounting problem that made Dunlop's original design a workshop nightmare
5031 - and it built a brand and a manufacturing organisation so strong that the
name Dunlop outlasted both the dead patent and, eventually, the man. Dunlop sold
his rights and stepped away; in 1896, when Du Cros sold the company on to a
syndicate for £3 million, the inventor took no further part. When he died in Dublin
in 1921, his estate was worth £9,687 - a comfortable retirement, and rounding
error beside the fortunes the tyre was generating %

The pattern is worth naming because the tire industry has repeated it for 135
years. The core concept was never durably ownable: Thomson had it, let it lapse,
and Dunlop's re-derivation collapsed on contact with the archive. What could be
owned were the layers around the concept - Welch's rim attachment, the
detachable covers we will meet next, the compounding secrets, the brand, the
factories, the racing prestige. The modern tire company, with its tens of thousands
of patents on tread patterns and compounds, is the institutionalised memory of
1890: everyone in this industry learned, at the founding, that the idea itself cannot
be fenced, and that value lives in the thousand improvements that surround it.
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What the Belfast yard actually started

It is tempting, and wrong, to treat Dunlop as a lucky amateur. The yard
experiment was amateur; what followed was not. Within a handful of years, the
venture around his device had to solve, from nothing, the entire stack of problems
that define the tire industry to this day: how to make a thin air chamber that holds
pressure, in quantity, cheaply; how to wrap it in a cover that survives the road;
how to fix the assembly to a wheel so that it stays on at speed and comes off for
repair; how to sell a wear-out product to a public that had never bought one; how
to defend a business built on an unpatentable core. The Dunlop story is the
compressed education of an industry.

And the education had an audience. Across the Atlantic and the Channel, men who
would build the great tire houses were watching the Belfast experiment pay. In
Clermont-Ferrand, two brothers named Michelin had a struggling rubber factory
and a cyclist with a flat tyre. In Akron, Ohio, Benjamin Franklin Goodrich's rubber
works had been turning out hoses and bottle stoppers since 1870, and two
brothers named Seiberling were about to buy a pair of empty factories on Market
Street °?'*>*!_ The bicycle boom was filling order books on both sides of the ocean,
and already the sharper minds could see the next machine coming: the horseless
carriage, heavier and faster than any bicycle, for which the pneumatic tyre would
not be an advantage but a necessity. The vet's air tube had answered the question
of 1889. The automobile was about to ask a much larger one - and answering it
would require taking the tire apart and putting it back together, piece by piece,
for the next sixty years.

The boom and the first tire trade

The bicycle boom that carried the pneumatic tire was one of the first true
consumer crazes of the industrial age, and it is worth measuring. In the 1890s the
safety bicycle went from sporting novelty to mass possession across Britain,
America, France and Germany; factories multiplied, prices fell, and a social
transformation followed that contemporaries compared to a fever - the bicycle
changed courtship, clothing, Sunday geography and, above all, personal radius.
The tire rode the boom as its most replaced component. A bicycle frame was
bought once in a decade; tires were bought every season, and so the tire trade
quickly became the volume engine of the whole cycle industry. Around the Dunlop
and Michelin licences a swarm of competitors formed - the Clincher and the
Palmer in Britain, dozens of continental makers, American entrants like Gormully
& Jeffery and the Hartford Rubber Works - and the 1890s produced the industry's

24



first marketing war: racing teams, catalogues, guarantees, patent suits. Two
durable lessons date from that decade. First, the tire business is fundamentally a
replacement business: the object is designed to be consumed by use, and its
industry is therefore a perpetual motion machine as long as wheels turn. Second,
racing sells: Hume's four wins in Belfast and Terront's Paris-Brest established,
before 1900, the demonstration-by-competition that Formula 1 still executes for
the same companies today =7*/15041543],

The machine that was waiting

Dunlop's timing looks, in retrospect, like the central luck of the story: the
pneumatic tyre arrived within three years of the vehicle that could not have
succeeded without it. The safety bicycle - equal-sized wheels, chain drive to the
rear wheel, the rider seated between the wheels rather than perched above one -
had reached production in 1885 and was, by 1888, visibly superior to the high-
wheeled ordinaries it replaced in everything except comfort. The safety put the
rider lower and made stopping survivable, but its small wheels transmitted every
stone of the road directly through the frame, and its solid rubber cushion tyres
were a compromise everyone hated. The bicycle industry of the late 1880s was
therefore in the position every inventor dreams of: a fast-growing market with one
unsolved problem, and a public already spending money on imperfect answers to
it. When the Dublin Cyclist's report of Willie Hume's four wins at the Queen's
College sports in May 1889 spread through the trade, the reaction was not
curiosity but demand “°*), Within two years the pneumatic tyre was the standard
fitting on every quality bicycle in Britain; within five, on every quality bicycle in
the world.

The boom that followed belonged, in the first instance, to the bicycle rather than
the tyre, but the tyre was its enabling condition and its largest single component
cost. The 1890s became the decade of the bicycle on every continent the railways
reached. Production ran into the millions of machines a year; American census
and trade figures describe a national mania, with purpose-built factories rising
across the industrial Midwest and New England, and the social history of the
decade - women's mobility and dress reform, the Sunday excursion, the first mass
market for personal speed - runs on pneumatic tyres. The tyre companies grew
with it and ahead of it: the Dunlop concern that Du Cros assembled around the
Belfast workshop became, within a decade, an international manufacturer with
factories on the Continent and licensees beyond, and the pattern it set - race on
Sunday, sell on Monday, patent on Tuesday - became the industry's permanent
metabolism %%/,

25



The war of the patents

No important component of the 1890s bicycle escaped litigation, and the tyre, as
the most valuable component, attracted the most. The sequence matters because
it determined who would own the industry. Dunlop's own patent of 1888, granted
in December of that year, claimed the broad idea of an inflatable tyre; Harvey du
Cros, the paper manufacturer turned promoter who had bought Dunlop's rights
for 300 pounds and 3,000 shares, understood at once that the claim was the
business *°?. But in 1890 the claim collapsed: challenged in court, the Dunlop
patent was found to have been anticipated by Thomson's publications of 1846 and
1847, and the broad monopoly evaporated *°°’. What saved the company was the
second layer of the technology - not the air, which was now free to all, but the
attachment. Charles Kingston Welch's wired-on tyre of 1890, in which the cover's
edges carry an inextensible wire that locks into the rim, was a genuine,
defensible, essential invention, and Du Cros bought it in 1891 %2 The
litigation record of the decade - the English courts working through the Dunlop
construction, the Welch patent, the Clincher, and their imitators case by case - is
effectively a design history of the modern tyre bead, written by barristers. Out of
it came the two attachment principles still in use: the wire bead, and the use of
inflation pressure itself to seat and seal the tyre **'.

There is a lesson in the sequence that the rest of this book keeps meeting. The
glamorous invention - the spring of air - turned out to be unownable, because a
dead Scotsman had published it first. The unglamorous inventions - the wire in the
bead, the shape of the rim's edge, the weave of the canvas, the recipe of the tread
- turned out to be where value could actually be held. The tire industry has run on
that asymmetry ever since: the physics belongs to everyone, the details belong to
whoever patents them first, and the fortunes follow the details **?'.

Roads

One more legacy of the bicycle decade deserves its place here, because it decided
the surface the twentieth-century tire would run on. The macadam roads of the
1880s had been built for hooves and iron tyres; the pneumatic-tyred bicycle,
ridden in millions, created a political constituency for smoothness - the Good
Roads movements of Britain and America were cyclists' movements before they
were motorists' movements. The asphalt and engineered surfaces laid down under
that pressure in the 1890s and 1900s were ready, just in time, for the automobile,
and the automobile tire was designed for them. The tire and the road co-evolved:
each generation of road made new tire speeds possible, and each generation of
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tire made new road demands politically irresistible. The partnership holds to this
day - the same industry that measures tire wear now measures it partly as a road-
interface problem, because the particle that leaves the tread is partly made of the
road itself ',

The veterinary surgeon's insight

It is worth dwelling on what Dunlop actually contributed, because the legend of
the lone inventor obscures a subtler and more useful truth about how this industry
would always work. John Boyd Dunlop did not invent the pneumatic tyre -
Thomson's patents prove the concept predated him by four decades - and he was
not an engineer but a successful veterinary surgeon of Belfast, prosperous enough
to worry about his son's comfort on a tricycle and practical enough to do
something about it *°?". His contribution was to build the thing, simply and crudely,
with the materials of his own world: an air tube of sheet rubber, a protective
wrapping, a tread of rubber, the whole held to a wooden wheel and inflated, in the
earliest versions, through a valve of the kind used for football bladders. The
National Museums Scotland preserves the development record: the first disc-
wheel experiments, then the tricycle of his son Johnny, tested around the yard and
then the streets, the wrapping refined from sailcloth supplied - in the small-world
way of provincial industry - by a Belfast sailmaker “°*. None of it was
sophisticated. All of it worked, and it worked on the vehicle that was, just then,
becoming the fastest-selling machine on earth. That is the pattern the book will
meet again at every stage: in this industry, the prize goes not to the first to
conceive but to the first to make it ordinary - the Michelin brothers with the
detachable tyre, Goodrich with the tubeless, Michelin again with the radial =**>**
=151 Dunlop himself profited modestly and left the business early, selling his rights
on and dying in 1921 with an estate of under ten thousand pounds - a footnote's
fortune for the man whose name rode on hundreds of millions of wheels *°*'. The
industry named itself after him anyway, and the name, passing through Japanese
ownership in the consolidation of the 1980s, still runs on tires today - one of the
oldest brand names in the entire motor world.
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PART ONE - THE SPRING OF AIR

The Tire That Comes Off

Between 1890 and 1900 the tire was dismantled and redesigned piece by piece, and at the
end of the decade it was ready for the automobile.

The automobile made the pneumatic tire a necessity, not an advantage.
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he first generation of pneumatic bicycle tyres shared an embarrassing

secret: once fitted, they practically never came off. Dunlop's original
construction - the rubber-and-canvas ring glued and bound into its rim - was a
single-use arrangement. A puncture meant hours of work with solvents and
patches, an overnight wait for the repair to dry, and a fair chance of a botched job.
The racing cyclist Jiel-Laval, riding Dunlop tyres in the great Paris-Brest-Paris
race of 1891, did not even attempt repairs; his team distributed spare wheels
along the 1,200-kilometre course so that a flat meant a wheel change, not a tyre
change "°". The spring of air worked. The object around it did not. The 1890s
became the decade in which the tire was taken apart - mechanically, commercially
and legally - and rebuilt into something a motorcar could use.

The brothers in Clermont-Ferrand

The Michelin factory in Clermont-Ferrand, in the Auvergne, made farm machinery
and rubber goods: belts, hoses, brake blocks, the anonymous catalogue of a
provincial rubber works. The business dated to 1832, founded by Aristide Barbier
and Edouard Daubrée, and by the 1880s it was struggling toward bankruptcy. The
heirs were two grandsons of the founding families, Edouard and André Michelin,
who were living in Paris - one painting, one working as an engineer in an iron
works - and knew almost nothing about rubber. Edouard returned to Clermont-
Ferrand to take charge, renamed the company Michelin et Cie in 1889, and went
looking for products with a future %1%/,

The founding anecdote of the Michelin tire business has the shape of a parable
and the documentation of a true story. A cyclist arrived at the factory with a
punctured pneumatic tyre - one of the era's glued-on Dunlop-type fittings - and
asked for a repair. The repair took hours of skilled work; then, by the account
handed down, Edouard rode the repaired bicycle himself, punctured again within
a short distance, and spent more hours doing the work a second time. The
frustration produced not resentment but a design brief. If the pneumatic tyre was
to have a market beyond racers with support crews, a puncture had to be fixable
by an ordinary person, at the roadside, in minutes. The tire had to come off =,

What Michelin produced in 1891 was the detachable pneumatic tyre: a
construction of two separate parts, an inner air tube and an outer protective
cover, the cover held to the rim by its edges so that it could be removed, the tube
patched or swapped, and the whole refitted without solvents or overnight drying.
The French patent is dated 11 September 1891; the corresponding United States
patent, number 497,453 in Edouard Michelin's name, states the object plainly: to

29



permit "the rapid removal of the exterior tire for the purpose of changing or
repairing the air chamber" *°’), Michelin's company history claims it as the first
removable bicycle tyre, and the 1891 patent stands as one of the foundational
documents of the industry =°°,

The proof, as in Belfast two years earlier, was arranged at a race. Paris-Brest-Paris
in September 1891 was the greatest cycling event of its age, and Charles Terront -
France's leading long-distance rider - rode it on the new Michelin detachable
tyres. His manager's memoirs, quoted in the International Cycling History
Conference's study of the race, record the preoccupation of the whole enterprise
with the tyre question: the rival Dunlops of the day took hours to repair and a
night for the solution to dry. Terront won, and the legend holds that his Michelin
tyres survived the full distance with their quick repairs done at the roadside,
while rivals struggled with bonded rubber. The race made the detachable tyre
famous, and the detachable tyre made Michelin %%,

A detail from the same record keeps the story honest. The actual 1891 Michelin
design was, mechanically, a monster: beads held by two metal rings, hooks
engaging notches in the rim, a special tool, small parts that could be dropped in
the mud. The conference study notes that a roadside repair on it took the Michelin
foreman over forty minutes of hard effort - an eternity, though still a revelation
beside the overnight Dunlop repair. The first detachable tyre was detachable the
way the first mobile phone was mobile. What mattered was the architecture, not
the execution: tube and cover as separate, serviceable things. That architecture
has never left %,

The rim problem

The detachable cover solved half the service problem and exposed the other half:
how do you keep a removable thing attached at speed? This - the rim question -
was the tire industry's first great patent battleground, and the litigation records
preserve the state of the art in forensic detail. An 1890s English judgment in a
tubeless-tyre case reads back through the whole evolution: first the one-piece
Dunlop, bound to the rim with canvas and solution; then Charles Kingston Welch's
wired-on tyre of 1890, in which the cover's edges were stiffened with a continuous
inextensible wire that locked into the rim's shape; then the Clincher, also of 1890,
whose thickened cover edges engaged inturned rim edges and were driven home
by air pressure itself =°%.,

Every one of these schemes solved the same three-body problem - the tube must
hold air, the cover must resist the tube's expansion, the rim must hold the cover -
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and every improvement shifted the balance between security and serviceability.
The wire bead, Welch's contribution, is the solution that survived: the hoop of
hard steel wire at each edge of the casing, inextensible and anchor-shaped, is still
the heart of how every tire on earth meets its wheel. When Du Cros bought the
Welch patent in 1891, after the Dunlop patent's collapse, he was buying the
industry's future attachment standard "“°*. The clincher principle, meanwhile,
taught the industry something subtler and more useful: that air pressure could be
made to do the holding - that the tire's own inflation could press its beads into the
rim's profile and seal them there. Modern tubeless tires, which we will meet
properly in Chapter 8, are the grandchildren of that insight =°%..

The same litigation record shows how early the industry's next leap was imagined.
In February 1892, a patent was granted to James William Smallman for what was,
in essence, a tubeless pneumatic tyre: a single band engaging a grooved rim,
sealed by an uncured rubber flap that air pressure pressed tight as the tyre was
inflated. Smallman had concluded, as the court reported, "that the inner tube
became useless altogether, provided that you could make a tight junction between
the outer covering and the rim of the wheel" *°?). The idea was half a century early
- the materials, especially air-impermeable rubber, did not exist to make it reliable
- but the concept was already fully formed in 1892. The tubeless tire of 1947 was
not a new idea; it was an old idea finally given the chemistry it needed.

From the bicycle to the automobile

Through the 1890s the bicycle tyre absorbed improvement after improvement, but
the horizon was already moving. The horseless carriage was passing from
experiment to product, and it changed every number in the tire maker's problem.
A racing bicycle and rider might weigh ninety kilograms; an early motor carriage
weighed ten times that, moved three times as fast, and drove its tyres with engine
torque the pedals never produced. Solid rubber tyres of the carriage pattern could
not survive the combination: they overheated, chunked and shook the fragile early
cars apart. The automobile did not merely benefit from the pneumatic tyre the
way the bicycle had. It required it. The speed and mass of motor transport were
simply impossible on solid tyres, and every early automaker who tried both knew
it within a week of testing.

Michelin made the point theatrically in 1895. The Paris-Bordeaux-Paris automobile
race that year was the proving ground of the infant motor industry, and the
brothers entered a car of the Panhard pattern - named, with the brothers' taste for
self-mockery, L'Eclair, Lightning - on pneumatic tyres of their own making. The car
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was slow, the tyres punctured constantly, and the Michelin entry did not finish
high; but it finished, over 1,200 kilometres, on air, at speeds no pneumatic
construction had been asked to survive before. Every manufacturer watching
understood what the demonstration meant: the automobile's future rode on the
inflatable ring. Within five years the motor tyre was a product line of its own,
thicker, tougher, and priced accordingly °°°'=°"),

André Michelin then performed the century's most elegant act of demand
creation. There were, by the Michelin company's own count, about 2,800
registered cars in France in 1900 *°”' - too few motorists to make a market, and all
of them needing reasons to drive far and often, which is to say, needing to wear
out tires. So the brothers published a guide: maps, garages, hotels, and
restaurants, given free to motorists, engineering the appetite for the road itself.
The first MICHELIN Guide appeared in 1900; the restaurant stars it later invented
are a side effect of a tire company's need for mileage “°°"*°”!, The Michelin Man,
Bibendum, had arrived two years earlier, in 1898, rising from a pile of tires on a
poster with the toast "Nunc est bibendum" - now is the time to drink - the white,
inflated figure literally made of the product . The tire industry had invented not
just its product but its marketing grammar: sell the journey, sell the destination,
sell the romance of the road, and the rubber sells itself.

The object at the end of the decade

Consider what the tire of 1900 had become in ten years. In 1890 it was a glued
ring, unrepairable, unownable as a concept, fitted to bicycles by specialists. By
1900 it was a separable system - tube, cover, wire beads, rim profile - that an
owner could service with hand tools; it was standard equipment on the machines
of the coming century; it had a service network, a racing pedigree, a mascot and a
travel guide; and it had already, in Smallman's 1892 patent, sketched its own next
revolution *°?. The architecture settled in that decade - air held by a tube, tube
protected by a casing, casing anchored by beads to a rim - would govern the
industry for fifty years, until the tube itself was engineered away. What remained
unsolved was not the architecture but the substance. The casing fabrics rotted
and blew out; the rubber tread wore to the cords in a few thousand miles; heat
built up at speed until the construction tore itself apart; and every one of those
failures pointed at the materials. To follow the tire further, we have to leave the
workshop and go to where the materials begin: to a tree in the Amazon, and to the
soot of an American gas flame.
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The engineering of the first motor tyre

The automobile tyre of 1895-1905 was a bicycle tyre forced to grow up, and the
growing was brutal. The loads multiplied first: where a bicycle tyre carried
perhaps forty-five kilograms per wheel, a tonne-class motor carriage asked each
tyre for two hundred and fifty and more, at two and three times the speed, with
driving torque tearing at the tread and brakes heating the beads. The
construction that evolved under this pressure set the template for the next fifty
years. The casing was built from layers - plies - of square-woven cotton canvas,
each ply coated in rubber and laid so its threads crossed its neighbour's at an
angle, the whole wrapped around wire beads and covered on its road face with a
thick layer of tread rubber. Everything about it was a compromise the bicycle had
not needed. The canvas gave strength but worked against itself at every flex, the
crossed threads sawing microscopically at their rubber coatings; the thick tread
gave mileage but trapped heat; the high pressures needed to carry the load - early
motor tyres ran at inflation pressures a modern driver would find alarming - gave
a harsh ride that the cars' primitive suspensions passed straight through. The
phrase the trade used was "fabric fatigue", and every maker's testing department
was, in effect, a laboratory of fabric fatigue, counting miles to failure and arguing
about causes 1>,

Tread design was born in this period, and born of embarrassment. The first motor
tyres were smooth, on the theory that the road itself supplied grip; the discovery
that a smooth tyre on a wet or dusty road is a skating device arrived quickly and
painfully. Makers cut or moulded patterns - studs, blocks, chevrons - into the
tread, and by 1908 the pattern had become a selling point in its own right:
Firestone was supplying demountable rims and advertising non-skid tread designs
as a distinct product feature °°?. The colour of the tyre tells the same story in
chemical form. Early treads were the pale grey-white of natural rubber, and the
first tyres were genuinely white; the black tyre arrived when the industry learned,
around the First World War, that a measure of carbon black in the tread doubled
and redoubled its life - a discovery so consequential it gets its own chapter later in
this book !, And the service question, which Michelin had attacked with the
detachable bicycle tyre, returned at motor scale with the rim: the demountable
rim, the detachable flange, the standardized clincher profile - the boring hardware
of getting a tyre off a wheel - consumed as much inventive effort as the tyre itself,
because a tyre that cannot be changed at the roadside is, to its owner, a
breakdown with rubber on it =%,
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What the Guide was really for

It is worth pausing on the MICHELIN Guide, because it is usually told as a
whimsical footnote and it was in fact a demand-side engineering project of the
first order. A tire company's revenue is a function of miles driven. In 1900 the
installed base of French motoring - about 2,800 registered cars by the company's
own count - could not wear out enough rubber to sustain an industry "“°’'. The
brothers therefore set out to increase not their share of the mileage but the
mileage itself: maps that made the country legible, lists of garages that made
breakdowns survivable, hotels and restaurants that gave the journey a
destination. The Guide was free because its product was not the book but the
behaviour. When it later began to charge, and later still to award stars, the logic
was unchanged: every kilometre of appetite it created arrived at Michelin's
factory gate as treadwear. The restaurant star, that apex of culinary seriousness,
is the distant descendant of a tyre company's mileage programme “°°*°”) The
same instinct produced Bibendum in 1898 - the stack of tyres made flesh, raising
a glass with "Nunc est bibendum" - and a century of advertising that sold the tire
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by selling the road “°°’. No industry has ever marketed its own consumption more

elegantly.

The price of a revolution

What the detachable, serviceable, mass-produced tire of 1900 cost is a number
worth pausing on, because it frames the industry's next century. Pneumatic tires
were among the most expensive consumables of the early motor age: a set of
motor tires represented a substantial fraction of a modest car's annual running
cost, wore out in a few thousand miles, and failed often enough that every early
motorist toured with spares, patches, levers and a pump as standard kit. The
economics pressed on every weak point at once. Owners demanded mileage,
which demanded tougher tread rubber, which demanded carbon black - Chapter
6's subject. They demanded reliability, which demanded stronger casings, which
demanded the cord revolution of Chapter 7. They demanded convenience, which
kept the pressure on rims and beads until the demountable wheel and, eventually,
the tubeless construction made the roadside repair a rarity rather than a ritual *'*
5521 And the manufacturers, meeting this demand at scale, learned the lesson that
still governs the industry: the tire that wins is never the best tire but the best tire
per dollar per mile. Michelin's genius, in the decade this chapter has described,
was to understand that equation before anyone else - to sell not rubber but
mileage, first by making the tire repairable, then by making the journey desirable,
and finally, in the radial era, by making the tire itself last two and three times
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longer than its rivals and daring the customer to do the arithmetic “°***!, The
modern industry's language - cost per kilometre, casing value, total cost of
ownership - was all prefigured in Clermont-Ferrand before 1900.
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PART TWO - THE MATERIALS

The Tree That Bleeds

A single species of Amazonian tree still supplies the one ingredient the tire industry cannot
fully replace, and the road to it runs through smuggled seeds, burned plantations and two
of the great atrocities of the colonial age.
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Hevea brasiliensis under plantation cultivation: the tapper's diagonal cut, the cup, the latex that becomes rubber.
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B egin the material story where the industry begins every day: with a cut in a
tree. Before dawn on plantations across Southeast Asia and West Africa,
tappers walk the rows of Hevea brasiliensis and shave a thin diagonal channel
through the outer bark of each tree, careful not to wound the wood beneath. From
the cut, a white fluid wells and runs down into a small cup. The fluid is latex - a
suspension of rubber particles in water, the tree's own wound-sealing system,
harvested by giving it a wound to seal. By mid-morning the cups are collected, the
latex strained and coagulated with acid into pale sheets or crumbs, and pressed,
dried and baled. That bale, smoked brown or pale crepe, is natural rubber. Half
the rubber in an ordinary car tire began exactly this way, as tree blood on a
hillside =758,

No other major industry of the modern world rests so completely on a single plant
species. Every tonne of commercial natural rubber comes from Hevea brasiliensis,
a tree native to the Amazon basin and today grown almost entirely outside it. The
British Tyre Manufacturers' Association states the dependence with unusual
plainness: tyre manufacture accounts for 70 percent of the world's production of
natural rubber, and despite decades of intensive research, no synthetic substitute
has been found for the heaviest duty - a truck tyre is typically 30 percent natural
rubber, twenty to twenty-five kilograms of it, requiring two hundred to two
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hundred and fifty square metres of cultivated land to grow "“'®., The tire industry
is, at its root, an agriculture. And like every agriculture, it has a geography, a

history and a body count.

The Amazon monopoly

For most of the nineteenth century, rubber meant the Amazon. Hevea grew wild
and scattered through the world's largest rainforest, and the rubber trade was a
harvest of the wild: tappers - seringueiros - cut long paths between widely
separated trees, collected latex through the dry season, smoked it over fires of
palm nuts into large balls, and floated the balls down the tributaries to Manaus
and Belém. The trade made Manaus, a city a thousand miles upriver, briefly one of
the richest places on earth; its opera house, finished in 1896 with Italian marble
and French chandeliers, stands to this day as the monument of a commodity boom
built on tree sap and human misery.

The misery is part of the record and belongs in this book. The rubber trade of the
Amazon ran on debt and coercion: tappers were advanced goods at inflated prices
against rubber they had not yet collected, and the debt, by design, could never be
worked off. The scholarly literature describes a system in which tappers were
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escorted by armed enforcers, paid in kind when paid at all, and punished for
shortfalls **’). In the Putumayo basin, on the Peruvian-Colombian frontier, the
system reached its extreme. The British consul Roger Casement, sent to
investigate the estates of the Peruvian Amazon Company in 1910, reported
practices he considered worse than the Congo atrocities he had investigated years
earlier; the scholarly estimate drawn from his report is that between 1900 and
1911 at least 30,000 indigenous people were murdered or deliberately starved in
the Putumayo, in exchange for some 4,000 tonnes of rubber **’'. The Putumayo
scandal, publicised by Casement's report and W. E. Hardenburg's account "The
Devil's Paradise," shocked the world and permanently stained the wild-rubber
trade =°°',

The Congo told the same story in a different accent. King Leopold II's personal
colony in central Africa imposed rubber quotas on entire villages, enforced by the
Force Publique and by armed sentries answerable to concession companies, in a
labour regime that the Oxford Research Encyclopaedia summarises as "extreme
exploitation of human labor" between 1890 and 1904; international outrage
eventually forced Belgium to annex the King's private state in 1908 ***/>*’!_ Rubber
for bicycles and the first automobiles was, in these two theatres, gathered under
conditions of slavery in everything but name. The comfort of the new century's
riders rested, in part, on the whip. A material history that leaves this out is not a
history.

Seventy thousand seeds

The Amazon's monopoly ended, as monopolies in materials tend to end, with the
material itself being moved. The British had long wanted Hevea planted within
their own empire, where supply could be organised and disciplined. In 1876 the
India Office commissioned Henry Wickham, an English adventurer-planter living
on the Tapajos, to collect seeds. Wickham chartered a ship and loaded some
70,000 Hevea seeds, declaring them - falsely, as he later boasted - as "academic
specimens"; the consignment reached the Royal Botanic Gardens at Kew in June
1876 =71,

Two cautions keep the legend accurate. First, Wickham was not the only collector:
an 1873 consignment of 2,000 seeds procured by a Mr Farris had already been
tried and largely failed, and Robert Cross was collecting for the same effort in the
same years “?Y, Second, the "smuggling" was partly self-dramatisation: no
Brazilian law then forbade seed export, and the historian Warren Dean notes that
Wickham had the permission of the grove operators where he collected; the
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gunboats and pursuit were embroidery Wickham added decades later ***. But the
essential fact stands. Of the 70,000 seeds, only about 2,700 germinated at Kew.
Those seedlings were dispatched to Ceylon - 1,919 plants in August 1876, ninety
percent arriving in good condition - and to Singapore, and from Ceylon and
Malaya the descendants of a few hundred Brazilian trees became the plantation
industry of Southeast Asia %"/,

The shift took a generation and then moved with agricultural suddenness. Wild
Amazonian rubber was a forager's crop: scattered trees, long paths, indifferent
yields, coerced labour. Plantation Hevea in Malaya and the Netherlands Indies
was a farmer's crop: trees in rows at uniform spacing, selected and later bud-
grafted from high-yielding stock, tapped on disciplined rotations by wage labour.
Yields per hectare multiplied; quality standardised; costs collapsed. By 1937,
Malaya alone had three and a quarter million acres under rubber and exported
close to 500,000 tonnes a year “??. The Amazon boom died of the competition, and
with it died the wild-rubber trade's labour system - an outcome achieved by
botany and plantation discipline, not by the conscience that the scandals had
aroused. Manaus's opera house became a monument to a trade that moved away.

One seed of the old geography's revenge lay dormant in the move. All of the Far
East's plantations descended from a handful of Kew seedlings - a genetic base so
narrow that the world's natural rubber supply is, in effect, one extended family.
And Hevea in its homeland lives under permanent pressure from South American
leaf blight, the fungus that keeps Amazonian plantations small and scattered. The
blight has never established itself in Asia. If it did, the basis of 70 percent of the
tire industry's most critical input would be at risk - a vulnerability the industry
knows and watches, and one reason the search for alternative rubber plants,
which we will meet in the final chapter, is more than academic =*#*%%),

Ford's jungle city

Between the wars, one man tried to break the new plantation geography by sheer
force of will and money, and his failure is the perfect parable of rubber's realities.
Henry Ford needed rubber in industrial quantities and hated depending on
British-controlled Malayan estates for it. Encouraged by a 1923 United States
government survey naming the Amazon as ideal rubber country, Ford secured a
concession of one million hectares on the Tapajés River in 1927, and in August
1928 two ships left for Brazil carrying a complete prefabricated settlement:
tractors, a sawmill, a powerhouse, hospital equipment, ice machines *°,
Fordlandia was to be a rubber plantation run like a Ford plant - cleared lines of
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trees, timetabled labour, American houses, square dances, a Midwestern diet
served free in a cafeteria line **°

Everything the jungle knew, Ford's managers did not. The cleared land eroded
under the rains; the trees, planted in tight monoculture, were scythed by leaf
blight and pests that wild dispersion had always held in check; the managers
were, as the Henry Ford Museum's account puts it, "Ford factory-trained men

rather than horticultural specialists." The workforce rioted - most memorably
wrecking the cafeteria over the indignity of self-service food lines - and turnover
was constant despite wages, housing and health care generous by regional
standards. Fordlandia never produced rubber at commercial scale; a second
estate, Belterra, fared little better, and the whole venture was wound down by
1945, having demonstrated, at vast expense, that rubber is not a part you can
stamp °*°’. The Amazon had the last word in its own basin. The industry has been a

Southeast Asian and, increasingly, West African agriculture ever since.

The plantation map today

The modern map of natural rubber production would astonish the men of the
Amazon boom. Thailand is the overwhelming leader, producing about 4.79 million
tonnes in 2024 - 32.3 percent of world output - followed by Indonesia at 2.26
million tonnes (15.3 percent) and, strikingly, Céte d'Ivoire at 1.69 million tonnes
(11.4 percent), a West African entry that barely figured a generation ago. Vietnam
follows at 1.33 million tonnes, then China and India at roughly 877,000 and
876,000 tonnes each; Cambodia, Malaysia, the Philippines and Laos complete the
top ten *??", Brazil, where the species evolved, produces about 264,000 tonnes -
1.8 percent of the world total ***’.

Three features of this map matter for everything that follows. First, the
concentration: a handful of tropical countries, several of them single-crop
dependent, hold the world's supply of a material without which heavy transport
stops. Second, the structure: unlike tea or sugar, natural rubber remains
substantially a smallholder crop - millions of families tapping a few hectares each,
selling through chains of middlemen to processors, a structure that makes supply
slow to respond to price, quality uneven, and farm-gate incomes brutally exposed
to the commodity cycle. Third, the direction of demand: about 70 percent of
everything these plantations produce flows to one product “'*. When the tire
industry catches a cold, the hillsides of Thailand and the Ivory Coast feel the fever.
And as we will see in Chapter 9, when the plantations cannot keep pace - with
demand, with leaf disease, with the ageing of trees planted in booms long past -
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the tire industry has no quick second source. The tree that bleeds takes seven
years to reach tapping age. You cannot hurry it, as Henry Ford learned, with
money.

KEY FIGURES - NATURAL RUBBER

70%

of world natural rubber production goes into tires; a single truck tire contains 20-25 kg of natural rubber,
grown on 200-250 m? of plantation land. (BTMA) [S18]

Grades, markets and the tapper's economics

Between the hillside and the tire plant, natural rubber passes through a grading
and trading system built over a century. The traditional form was the ribbed
smoked sheet - latex coagulated, rolled into sheets, smoked brown in drying
houses - graded by eye into the RSS standards. The modern form is technically
specified rubber: block rubber, crumbed and dried at the processing factory to
measured standards of dirt, ash, nitrogen and plasticity, sold by specification
rather than appearance. Both trade on the great commodity exchanges of the East
- Singapore's SICOM and Tokyo's TOCOM long setting reference prices - and the
price that results is one of the world's most consequential small numbers: it
decides whether a Thai smallholder taps this month or lets the cups hang dry, and
it moves the input cost of every tire maker on earth. The smallholder structure of
the industry gives the market its character: supply cannot switch on quickly (trees
tap for decades but take seven years to plant), demand is dominated by one
product, and prices therefore swing in long, grinding cycles that alternate
plantation booms with years in which tapping barely pays. The social consequence
is real and current: a large share of the world's natural rubber is grown by
families for whom a bad price year is not a margin problem but a subsistence
problem, and the industry's sustainable-rubber initiatives - certification schemes,
traceability platforms, agroforestry pilots - exist partly because the tire majors
have learned that a supply base in poverty is a supply base at risk. The GPSNR,
the industry platform for sustainable natural rubber, is the institutional form of
that lesson. The tire on a European car remains, in part, the harvest of a
smallholding in Surat Thani or outside Abidjan, and the chain between them is one
of the world's oldest and most unequal trade relationships - unchanged in
structure, if improved in conduct, since the days of the smoke houses.

The tree, the latex and the knife
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Hevea brasiliensis is an unheroic-looking tree of the Amazon basin - tall, pale-
barked, unremarkable in the canopy - and the whole of its industrial importance
sits in a single anatomical feature: a network of microscopic vessels, the lactifers,
running through the soft inner bark. What flows in them is not sap in the tree's
plumbing sense; the tree's food moves elsewhere. Latex is better understood as a
defence fluid: a milky emulsion of rubber hydrocarbon particles suspended in
water with proteins, resins and sugars, which gushes from any wound and then
clots, sealing the cut and gumming the mouthparts of whatever insect made it.
The rubber of commerce is, in the first instance, an accident of injury, harvested
by deliberately re-opening the wound. The tapper's craft - and it is a craft, learned
over seasons - is to shave a thin ribbon of bark from a diagonal channel cut the
previous day, early in the cool morning when the pressure in the vessels is
highest, taking enough bark to keep the channel flowing and so little that the tree
is not girdled or exhausted. A skilled tapper opens three or four hundred trees
before breakfast. The latex bleeds down the cut into a cup for a few hours; by mid-
morning the flow clots itself off, and the tree begins rebuilding the vessel it will
offer again the next day. A plantation tree can be tapped on this rhythm for
twenty-five years #2*52%],

From the cup to the factory the transformations are few but decisive. The latex is
strained, diluted, and coagulated with acid - formic or acetic - so that the rubber
particles draw together into a soft white curd floating on whey. Pressed into
sheets and passed through corrugated rollers, the curd becomes crepe; hung in a
smokehouse over a wood fire for days, it becomes ribbed smoked sheet, the
brown, translucent, strangely beautiful raw material of a century of commerce, its
smoke treatment a preservative against the moulds of the long sea voyage. The
tyre factories received it in bales, and the first machine to meet it was the
masticator - about which more in Chapter 5 - whose job was to beat the
extraordinary toughness out of it. Raw natural rubber is one of the most stubborn
materials in industry: at room temperature it is elastic to the point of uselessness
for mixing, and only long mechanical working, breaking its enormous molecules
into shorter chains, makes it pliable enough to accept the other thirty-odd
ingredients of a tyre ',

Plantation science and its one great enemy

The transplant to Asia turned rubber from a gathered forest product into an
agricultural science, and the science's central instrument was the bud. A rubber
tree grown from seed is a genetic lottery: seedling yields scatter widely, and a
plantation of seedlings is a plantation of mostly mediocre trees. The technique
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that changed the arithmetic was bud grafting - grafting a bud from a proven high-
yielding tree onto seedling rootstock, so that the entire producing trunk of the
new tree is genetically the chosen parent. Whole plantations could then be laid
out as clones, uniform in yield and character, and yield per hectare climbed
generation by generation as the research stations - above all the Rubber Research
Institute of Malaya, whose establishment Nature recorded in 1941 with Malaya
already carrying three and a quarter million acres of rubber - selected ever better
parents and systematized the agronomy around them: cover crops against
erosion, density and spacing, tapping systems that balanced daily yield against
the tree's long life *??. The descendants of Wickham's 1,919 Kew seedlings,
selected and reselected for half a century, became the foundation stock of an
industry producing millions of tonnes a year “*"’.

But the clone is also the industry's standing vulnerability, and its name is South
American leaf blight. The fungus - Microcyclus ulei - is native to the same Amazon
forests as Hevea, and in its home range it holds wild rubber trees to scattered,
distantly spaced individuals, because any dense stand of Hevea is an invitation to
epidemic. This is the botanical fact behind the Amazon's failure as a plantation
region: Fordlandia's agronomists could clear jungle and plant in orderly rows, but
the orderly rows were exactly what the blight required, and the project's collapse

°461 Asia's plantations

was, in the end, a biological verdict as much as a social one !
exist because the blight does not - yet. The entire Southeast Asian industry is a
monoculture of a few cloned lineages growing in the permanent absence of their
co-evolved pathogen, and the industry's plant pathologists have spent a century
watching the air routes. Ohio State's rubber researchers note the risk in plain
terms: the disease has never been allowed to establish outside the Americas, and
a tenth of the world's natural rubber supply was already lost to disease in a single
recent year - which is part of why the search for alternative rubber plants, from
the Russian dandelion to the American guayule bush, remains a live research
programme rather than a curiosity **°. The pneumatic tire's material base, for all
its scale, still rests on one tree species, one region, and one quarantine °**/,
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PART TWO - THE MATERIALS

Alchemy of 1839

Vulcanization turned a sticky jungle sap into an engineering material; a world war then
forced chemistry to invent the sap itself.
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R aw natural rubber is a terrible material. Warm it and it softens into a tacky
gum that smells, flows and sticks to itself; chill it and it turns stiff and
cracks; stretch it repeatedly and it fatigues and splits. The Mesoamerican peoples
who played ball games with it and the Europeans who first shipped it home both
understood that it was wondrous and useless in about equal measure - waterproof,
bouncy, and hopeless for anything that had to keep a shape through a summer.
The entire rubber industry, and therefore the entire tire industry, exists because
one bankrupt, repeatedly jailed, half-obsessed hardware merchant's son refused
to accept that verdict, and spent a decade finding the fix. His name was Charles
Goodyear, and the fix was vulcanization.

Sulphur and fire

The legend of Goodyear's discovery is the most famous accident in materials
history: that in 1839, in Woburn, Massachusetts, a handful of rubber mixed with
sulphur was spilled or dropped onto a hot stove, and the charred edge of the
resulting mass came away leathery, dry and springy - rubber that heat had
improved instead of ruined. The historian's caution applies: as a study of
Goodyear's patents in the journal Technology and Culture argues, the "eureka
moment" served Goodyear's interests, letting him claim vulcanization as a concept
rather than one man's specific recipe, and the reality was years of systematic trial
with sulphur, heat and additives conducted in poverty, in boarding houses and,
twice, in debtors' prison “**). But 1839 is the accepted year of the discovery, and
its content is not in doubt: heating rubber with sulphur produces a transformed
material - elastic, durable, stable across temperatures - because the sulphur forms
bridges between rubber's long, tangled polymer molecules, tying the tangle into a
network. The word for the process, coined from Vulcan, the Roman god of fire, is
vulcanization. The word for the modern science is cross-linking. They are the
same thing %%,

Goodyear's United States patent, number 3,633, was granted on 15 June 1844, for
a heated compound of rubber, sulphur and white lead ***'**?/, What followed was a
second career of litigation and strategic re-patenting: reissues in 1849 and 1860
progressively widened the claim from the specific recipe toward vulcanization as
an idea, "no matter the materials or processes used," and the courts, up to the
Supreme Court, sustained the claims through decades of assault, in what the
justices themselves noted was litigation as fierce as the prize was valuable =**5*%),
By 1849, vulcanized rubber had displaced the raw article in commerce '
Goodyear himself profited little; he died in 1860 owing money. Thirty-eight years
later, two brothers in Akron, Ohio named their new rubber company after the
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dead inventor they admired - a company he never had any connection with - and
made his name the most famous in the industry =%

For the tire, vulcanization was not an improvement; it was the enabling condition.
A tire casing must flex through tens of millions of cycles while holding air at
pressure, in July and January, soaked and dusty, loaded and slammed. Only a
cross-linked elastomer - a material with the memory of its shape chemically locked
in - can live that life. Every rubber part of every tire made since the 1840s is
vulcanized, and the final step of tire manufacturing to this day is literally called
curing: the green tire goes into a hot mould and the sulphur bridges form, fixing
tread pattern, shape and properties in one irreversible act °*’. The tire is born in
fire, exactly as Goodyear's sample was.

The chemist's tree

For eighty years after Goodyear, rubber meant Hevea latex, vulcanized. The idea
of making rubber without the tree - of synthesising the molecule from industrial
feedstocks - attracted chemists as soon as the molecular structure of rubber
began to be understood, and the first practical products were German. In the
laboratories of I.G. Farben, the chemical conglomerate that included Bayer,
researchers polymerised butadiene with sodium as the catalyst and called the
result Buna - "bu" for butadiene, "na" for natrium. In 1929 they found that Buna S,
a copolymer of butadiene and styrene made in emulsion, compounded with carbon
black, was significantly more durable than natural rubber . Nazi Germany,
planning a war it knew might cut it off from tropical materials, built Buna plants
as strategic infrastructure. Synthetic rubber was born as a weapon of economic
independence.

The United States learned the same lesson under fire, and told it better. When
Japan overran Southeast Asia in early 1942, the United States lost access to
roughly 90 percent of its natural rubber supply. The country's position, as the
American Chemical Society's landmark history records it, was this: a stockpile of
about one million tonnes, consumption of about 600,000 tonnes a year, and no
commercial process for a general-purpose synthetic rubber. Every tire for every
truck, jeep, bomber and landing craft hung on closing that gap **°..

The response was the U.S. Synthetic Rubber Program, one of the great forced
marches of industrial science. Under government sponsorship, the four big rubber
companies - Firestone, Goodrich, Goodyear and U.S. Rubber - signed a patent and
information sharing agreement on 19 December 1941, pooling decades of
competitive secrets. The Baruch committee recommended a rubber director with
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total authority and the immediate construction of 51 plants to make the monomers
and polymers. Jersey Standard's pre-war technical exchange with I.G. Farben
meant the chemistry of Buna S was available to be Americanised into GR-S:
Government Rubber-Styrene %,

The numbers still stagger. In 1941 the United States produced 231 tonnes of
general-purpose synthetic rubber. By 1945 it was producing 70,000 tonnes a
month *'“, An entire chemical industry - feedstock crackers, monomer plants,
polymerisation lines, finishing and baling - was designed, built and run up in
under four years, in wartime, by competitors ordered to cooperate. It stands with
the Manhattan Project and Liberty ship construction as proof of what industrial
mobilisation can do when the alternative is losing a war. And unlike those
programs, this one never wound down.

The permanent change

After 1945, synthetic rubber did not retreat; it advanced, because it had turned
out to be more than a substitute. Different synthetics offered properties no tree
could provide: oil resistance, air impermeability, controlled hysteresis, tailored
wear. Styrene-butadiene rubber (SBR), the descendant of GR-S, became the
workhorse of tire treads. Butyl rubber - impermeable to air in a way natural
rubber never is - made the tubeless tire practical and then became the inner liner
of every modern casing. Polybutadiene brought abrasion resistance; halobutyls
sealed better still. The ACS's summary is exact: "Today 70 percent of the rubber
used in manufacturing processes is synthetic" **%,

Yet the tree was never displaced. Natural rubber keeps a combination of
properties that synthesis has never fully matched: extraordinary tensile strength,
low heat build-up under repeated flexing, and a resistance to tearing and
chunking that matters most exactly where the loads are largest. That is why the
BTMA can state that decades of research have found no synthetic replacement for
natural rubber in heavy load-bearing tires - why truck and aircraft tires remain
natural-rubber-rich while passenger car tires have drifted toward synthetic blends
1% The modern tire is a treaty between two rubbers: the plantation material for
strength and cool running, the refinery material for wear, sealing and cost. The
Japan Automobile Tyre Manufacturers Association's composition figures show the
balance on the scale: in a representative tire, natural rubber is about 29 percent
by weight and synthetic rubber about 18 percent *'”'.

So the industry's raw material base is split between two worlds: an agriculture
seven years in the growing, and a petrochemistry built on oil and gas. The war
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that forced the split also fused the tire industry permanently to the petroleum
economy - the same refineries that make fuel make the butadiene and styrene that
make the tread that the fuel propels. Oil and rubber have been joint tenants of the
same industrial body since 1942. And there is a third material, as important as
either rubber and stranger in origin than both, without which no modern tire
could survive its first thousand miles. It is soot - the finest, most engineered soot
in the world - and it deserves its own chapter.

KEY FIGURES - THE RUBBER SPLIT

70% synthetic

share of all rubber used in manufacturing that is synthetic, a permanent legacy of the wartime GR-S
program (ACS). Within tires themselves the balance differs by duty: car tires ~15% natural rubber, truck
tires ~30% (BTMA). [S10][S18]

The first synthetic winter

The GR-S story has a German and a Soviet prelude that belong to the record.
Germany, blockaded in the First World War, had already been forced toward
synthetic rubber, producing methyl rubber in small, expensive, unsatisfactory
quantities - proof that the molecule could be imitated, at a price no peacetime
market would pay. The Soviet Union, cut off by politics rather than blockade, built
the first large synthetic rubber industry of the interwar years on Lebedev's
butadiene process, famously fed with alcohol derived from potatoes and grain; by
the late 1930s the USSR was the world's largest producer of synthetic rubber, a
strategic industry created out of sheer unwillingness to depend on tropical
imports. These were the world's dress rehearsals. They proved synthetic rubber
could be made at national scale, but only under the discipline of strategic
necessity, at costs the market would never bear. It took the catastrophe of 1942 -
the loss of Malaya and the Indies - to force the same economics onto the United
States, and to fuse the synthetic molecule permanently into the tire. The lesson
recurs throughout this book: the industry's great material changes are rarely
chosen. They are forced, and then they stay.

What sulphur actually does

Vulcanization deserves a closer look than the discovery story gives it, because the
whole physics of the tire rests on it. Raw rubber - natural or synthetic - is a mass
of immensely long, independent hydrocarbon chains, coiled like spaghetti and free
to slide past one another. Stretched, the chains uncoil and flow; released, they
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only partly recover; heated, the mass softens toward stickiness; chilled, it stiffens
toward brittleness. That is why the early rubber goods of the 1830s melted in
summer and cracked in winter, and why the industry Goodyear entered was a
scandal of failed products. What Goodyear found, by the famous accident on the
hot stove and then by years of systematic variation of sulphur content,
temperature and time, was that sulphur, given heat, will form bridges between
neighbouring chains - crosslinks that tie the whole mass into a single network >,
The chains can still uncoil and stretch, but they can no longer flow apart, so the
material springs back instead of deforming permanently; and because the network
holds at temperatures that would soften the raw gum, the cured rubber keeps its
character from frost to summer heat. His original 1844 patent specified the triple
compound of rubber, sulphur and white lead, heated - the lead being an early
accelerator - and the reissues of 1849 and 1860 broadened the claim toward any
sulphur-and-heat cure, which is how the patent wars of the 1850s and 1860s were
framed =1

The cure the tyre industry settled on is more elaborate than Goodyear's but
recognizably his. A modern tread compound carries a few parts of sulphur per
hundred of rubber, an accelerator system - the organic chemicals, discovered in
the early twentieth century, that cut cure times from hours to minutes and made
mass production economic - activators such as zinc oxide and stearic acid, and
antidegradants to defend the network against oxygen, ozone and flexing through
the tyre's life °'®, The curing press then holds the green tyre in its mould at
temperature for a precisely calculated time - long enough for the sulphur to build
its bridges through the thickest section, not so long that the surface over-cures
and turns leathery. Cure a tyre too little and it wears and flexes apart; cure it too
much and it turns brittle. The window between is a few minutes wide, varies with
every compound and every tyre size, and is one of the quiet disciplines of the

industry: the cure chart is as much a production document as the bill of materials
[S20]

The synthetic family tree

The wartime programme that filled the rubber gap left by 1942 - the American
crash programme that took GR-S output from 231 tons in 1941 to seventy
thousand tons a month by 1945, from a standing start of fifty-one plants built in
under two years - is usually told as a single story, and it was: butadiene and
styrene, cooked together in soap-and-water emulsion, into the copolymer the
Allies called GR-S and the Germans, working from their own chemistry, had called
Buna S "%, But the synthetic rubber that emerged from the war was not one
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material, and the postwar decades turned it into a family whose members a tyre
designer now deploys like a palette. Styrene-butadiene rubber, the direct
descendant of GR-S, remains the workhorse of treads - good wear, good wet grip,
happy to be extended with oil and reinforced with black. Polybutadiene, all-carbon
backbone and glassy resilience, goes in for its extraordinary abrasion resistance
and low heat build-up, blended with SBR in treads and with natural rubber in
sidewalls that must flex millions of times without cracking. Butyl - isobutylene
with a dash of isoprene, a pre-war American invention brought to wartime scale -
is nearly impermeable to air, which is why it made the inner tube of 1947's
tubeless tyre practical and why it still lines every tubeless tyre made “'*. EPDM
resists ozone and weathering for seals and sidewall details; neoprene, the 1930s
pioneer, holds oil and flame; nitrile holds fuel. The ACS landmark's summary still
stands: about seventy percent of the rubber used in manufacturing today is
synthetic, and the tire industry is the reason the number is not higher - the truck
and aircraft tyre, flexing under loads that turn hysteresis into heat, still wants the
cool-running, self-reinforcing character of the natural polymer that no kettle has
fully matched ='15'%,

None of this made natural rubber obsolete, and the reason is a small gift of
molecular geometry. Natural rubber's chains are all cis - every link of the
polyisoprene chain bends the same way - and under strain they straighten and
crystallize, so that a highly stretched natural rubber quietly reinforces itself at
exactly the moment it is most loaded. Synthetic isoprene approaches the trick but
has never quite matched it, which is why the gum at the heart of a truck casing or
an aircraft tyre, punished at deflections a car never sees, is still tapped from trees
in Thailand and Cote d'Ivoire °**'***/, The synthetic programme freed the industry
from the plantation's geography; it did not free it from the tree '’
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PART TWO - THE MATERIALS

Black Is a Technology

Tires were white until soot made them strong. The finest industrial powder in the world is
inside every tire you have ever used.

Carbon black: engineered soot, the reinforcement inside the rubber.
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he first rubber tires were the colour of rubber: pale grey-white, the tint of

dried latex and zinc oxide. Photographs of motor carriages from the 1900s
show machines rolling on whitish rings, sometimes dazzlingly pale against the
black coachwork. Within twenty years the tire had turned black, everywhere,
permanently - and the change of colour was not fashion. It was one of the most
consequential materials discoveries in the history of the industry, made not in a
tire laboratory but in the carbon black business, and it multiplied the working life
of the tire several times over. The black tire is a disguise. Underneath the colour
is a structural material without which rubber alone cannot do the job.

Soot, refined

Carbon black is ancient as a pigment - Egyptian scribes wrote in lampblack inks -
and industrial since the printing trade created mass demand for black ink. The
modern material begins in the United States in the 1890s: from 1892, natural gas
was burned in restricted air so that the flames impinged on cooled iron channels,
depositing an impalpable black powder that was scraped off and sold - the channel
process **?. The product was the finest powder commerce had ever handled,
primary particles measured in tens of nanometres, fused into branching
aggregates like molecular snowflakes. Its early customers were ink and paint
makers; rubber makers used small amounts of white fillers and zinc oxide, and
carbon black only as a colourant. Then, around 1904 to 1910 - the literature
usually dates the recognition to 1910 - experimenters noticed what heavy loadings
of the powder did to rubber. The technical literature of the rubber industry
records it as a discovery: the remarkable reinforcing effect of carbon black on
rubber was found in 1910 *'.

Reinforcement is the right word and an understatement. Raw vulcanized rubber,
unfilled, tears easily and abrades faster still. Mix in fine carbon black at the right
loading and the compound transforms: tensile strength, tear resistance and, above
all, abrasion resistance multiply - the tread that might have lasted a few hundred
miles of motoring could now survive thousands. The mechanism is a union at the
nanoscale: rubber chains adsorb onto the vast, convoluted surface of the carbon
aggregates, so that stress is shared between the polymer network and a hard,
interlocking filler skeleton. Every flex of the tire is carried by this partnership. The
discovery converted the tire from a fragile novelty into a durable industrial
product, and it arrived exactly as the automobile was demanding precisely that
conversion. There is a reasonable argument that the motor age's true enabling
material was not rubber but soot.
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The channel house and the furnace

The demand shock reorganised an industry. Channel black plants - long buildings
full of small flames depositing carbon on moving channels - spread across the gas
fields of Pennsylvania, West Virginia, Louisiana and Texas. The process was
profligate: it made superb, very fine carbon black while wasting most of the gas's
energy and smoking the countryside. The economics cried out for a better
process, and in 1942 the industry established the oil furnace process - burning a
fraction of heavy aromatic oil to crack the rest into carbon black inside a reactor,
quenching and collecting the product from the gas stream. The furnace process
made carbon black of controlled particle size and structure at a fraction of the
channel process's cost and waste, and it remains the dominant method today **“’.

With the furnace came engineering in the modern sense: carbon black stopped
being one commodity soot and became a catalogue. Particle size, aggregate
structure, surface chemistry - each variable tunes the rubber differently. Fine,
high-structure blacks give tread compounds their wear and grip; coarser, gentler
blacks go into carcass compounds where flex fatigue matters more than abrasion.
A tire factory orders carbon black by grade code the way a kitchen orders flour,
and a modern passenger tire of roughly eight to ten kilograms carries two
kilograms or more of it. Scale the arithmetic and the dependence becomes clear:
reinforcing filler is about 25 percent of a tire's raw material weight on the JATMA
accounting, and the tire industry consumes around 23 million tonnes of material a
year °'5?° The carbon black industry exists substantially because tires exist;
some 70 percent of all carbon black made goes into tires and rubber goods. Two
industries, one born of gas flames and one of tree sap, grew up fused at the mixer.

There is an environmental ledger here that Chapter 14 and 15 will reopen
honestly. Furnace black is made from heavy oil; its production is energy-hungry
and its feedstocks are fossil. The tire's blackness is, literally, embodied petroleum.
The industry's current work on recovered carbon black - reclaimed from end-of-
life tires by pyrolysis - is an attempt to close that loop, and we will judge it there.

The other white powder

For eighty years carbon black had no rival. Then the fuel economy era created
one. In the 1990s, Michelin's "green tire" demonstrated that precipitated silica - a
fine white powder made from sand via sodium silicate, chemically married to the
rubber with silane coupling agents - could replace part of the carbon black in
tread compounds and cut rolling resistance substantially while keeping wet grip.
The physics is the tire's eternal trade-off, hysteresis: a tire wastes energy because
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its rubber heats as it flexes, and silica compounds can be formulated to flex cooler
where it counts. Silica did not dethrone carbon black; the two fillers now share
the tread, blended by compounders the way a chef blends flours. But the "green
tire" made energy efficiency a headline property of the product itself, and every
fuel-economy and electric-vehicle tire since descends from that reformulation.
Today's tire composition tables list carbon black and silica together, a black-and-
white partnership inside the tread **?’.

The recipe

Filler and rubber are only the largest ingredients. The full compound list of a
modern tire reads like an apothecary's shelf, because it is one. JATMA counts
more than one hundred raw materials in the production of automobile tires: the
rubbers; the reinforcing fillers; the cords; the bead wire; and then the
compounding ingredients proper - vulcanizing agents (sulphur, still, after 185
years), accelerators and their aids (zinc oxide and stearic acid among them),
antioxidants and antiozonants, softeners and processing oils, resins, pigments,
adhesion promoters '), The British Tyre Manufacturers' Association boils a
typical car tire down to a recipe worth memorising: elastomers 42 percent, carbon
black and silica 28 percent, steel 12 percent, oils 6 percent, textiles 5 percent,
zinc oxide 1 percent, sulphur 1 percent, other ingredients 5 percent **?',

Each of the small percentages is load-bearing. Without antiozonants, atmospheric
ozone attacks stretched rubber and the sidewall crazes with cracks within seasons
- which is why tires carry a few percent of protective waxes and chemicals that
bloom to the surface as sacrificial armour. The most effective of these protectors,
6PPD, has guarded tires for more than six decades; it is also, we now know, the
parent of 6PPD-quinone, the transformation product implicated in the deaths of
coho salmon in Pacific Northwest streams, and the subject of an active United
States EPA rulemaking *°?. The chemical that saves the tire may be poisoning the
river. That tension, deferred here, is the subject of Chapter 15, and it is one of the
sharpest examples in all of industry of a solved problem becoming a new one.

What the recipe teaches, standing back, is that a tire is not a rubber product with
additives. It is a composite chemical system - a hundred-plus-material formulation,
layered and bonded, that happens to be shaped like a ring *'”". The rubber gives it
elasticity, the carbon gives it backbone, the cords and wires give it shape, the
sulphur locks it, the oils let it flow in the mixer, the protectors fight the sky itself
on its behalf. Remove any one and the object fails in its own characteristic way.
The next chapter turns to the elements that have not yet had their due: the fibres
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and wires that give the tire its skeleton, and the reinvention of that skeleton that
split the twentieth century's industry in two.

KEY FIGURES - INSIDE A CAR TIRE, BY WEIGHT

42 / 28 / 12

percent elastomers / carbon black & silica / steel; plus 6% oils, 5% textiles, and ~3% vulcanizing and
protective chemistry (BTMA). Over 100 raw materials in total (JATMA). [S18][S17]

The soot that became a science

Carbon black is older than the industry it transformed. Lampblack - the soot of oil
lamps, collected for ink - was a commodity of antiquity, and the first rubber
compounders who dusted it into their mixes were following the pigment trade's
lead, looking for colour and cheap bulk rather than strength. The pivotal
discovery, dated by the Japanese rubber society's centenary review of carbon
black to about 1910, was that certain blacks did not merely darken rubber but
reinforced it: tensile strength, tear resistance and above all abrasion resistance
multiplied far beyond what any pigment should deliver *'*. The timing was perfect
and probably not coincidental - the motor tyre was just then failing on American
roads at mileages the industry could not afford, and a tread that lasted twice as
long was the difference between a nuisance and a product. By the First World War
the black tyre had displaced the white, and the industry had acquired both its
signature colour and its first true compounding science "',

What carbon black is, physically, explains everything. It is not soot in the fireplace
sense but an engineered material: near-spherical carbon particles, tens of
nanometres across, fused during their formation into branched aggregates -
clusters that look, under the microscope, like bunches of grapes rendered in pure
carbon. Two numbers classify a black: the particle size, which sets the surface
area available to grip the rubber, and the structure, the complexity of the
aggregate branching, which sets how the black stiffens and reinforces the mix.
The finest, hardest blacks - the N200 series of the industry's nomenclature - go
into treads, where abrasion is the enemy; larger, softer blacks go into carcass and
sidewall compounds, where flex life matters more than wear. The chemistry of the
bond between carbon surface and rubber chain, studied for a century, is still not
fully reduced to a single theory: part adsorption, part mechanical keying into the
aggregate structure, part a bound-rubber layer at the interface that behaves like
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neither ingredient. Reinforcement remains one of those industrial phenomena that
work better than they are understood "',

From channel to furnace

The manufacturing history is a story of yield and cleanliness. The channel process,
dominant from 1892, burned natural gas in hundreds of small flames and
deposited the black on moving iron channels - a process of exquisite inefficiency,
converting only a few percent of the gas's carbon into product, but making the
fine, reinforcing grades the young tyre industry needed. The oil furnace process,
established in 1942 under wartime pressure, atomized heavy aromatic oil into a
reactor flame and quenched the reaction at the right instant, yielding black
continuously, in controlled grades, at efficiencies the channel plants could not
approach; within a generation the channel black plants were gone, and the
furnace reactor - a building-sized instrument for managing a flame's microseconds
- had become one of the hidden instruments of the motor age *'*. The modern
black plant's other product is energy: the tail gas, rich in hydrogen and carbon
monoxide, is burned for heat and power, so that a carbon black works is partly a
power station that happens to leave carbon behind. The tyre industry's appetite
made the material a bulk commodity; a car tyre carries, by the BTMA's
breakdown, roughly a quarter of its mass as carbon black and silica combined "***',

The white challenger

The most important compounding change of the late twentieth century displaced
black from part of its own kingdom, and it came from the energy-accounting side
of the tyre. Precipitated silica - the same chemistry as the filler in toothpaste - had
long been usable in rubber but was reluctant there: its surface is polar and thirsty,
rubber is not, and the two refused to bond without a matchmaker. The
matchmaker was the silane coupling agent, a molecule with one end that weds the
silica surface and another that co-cures into the rubber network. Silica-silane
treads, commercialized by Michelin in the early 1990s and rapidly universal, cut
rolling resistance sharply without surrendering wet grip - the trade-off that
carbon black had forced on designers for eighty years - and arrived exactly as fuel
economy and, later, electric range became selling points; Michelin's own history
dates the first silica 'green tyre' to 1992 =°°/=13I533 Modern treads are black-silica
hybrids, tuned per axle and per market; the all-black tread is now a budget
artefact. The filler story, which began as pigment, ends as the clearest example in
this book of the tyre's real nature: it is not a product but a negotiation among
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physics, chemistry and accounting, conducted at the scale of nanometres and paid
for at the scale of a billion units a year =*#>*%,
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PART TWO - THE MATERIALS

Threads of Steel and Silk

A tire is a fabric structure before it is a rubber one. The cord inside the casing has been
cotton, rayon, nylon, polyester and steel - each an industry of its own.
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C ut a tire open and the rubber, for all its bulk, turns out to be the packing
material. The structure - the thing that holds the air's pressure, carries the
load and keeps the ring round at two hundred kilometres an hour - is cloth and
wire. The casing is a fabric of parallel cords, rubber-coated and laid in plies;
beneath the tread run belts of finer cord or steel; at each edge, anchoring the
whole to the rim, sit hoops of bronze-plated steel wire bundled to enormous
strength. About 13 percent of a tire's raw-material weight is cord, and 12 percent
is steel, by the industry associations' accounting “*’'***!, The rubber is the flesh;
the cords are the bones. And the history of those cords is a history of the entire
fibre industry, because the tire has been the most demanding textile customer on
earth for a hundred and thirty years.

Cotton, canvas and the first skeletons

Dunlop's first tires, as we saw, were built on sailcloth - Arbroath canvas, a heavy
woven cotton ", The material made sense to a man improvising: canvas was
strong, available and understood. But woven fabric was a compromise from the
start. The interlaced threads of a weave chafe each other under flexing, and a tire
casing flexes every centimetre of its circumference on every revolution -
thousands of flex cycles in a short drive. The early casing's enemies were internal:
friction between threads, fatigue of swollen cotton fibres, moisture and mildew,
and the heat that all this internal rubbing generated at speed.

The industry's answer was a construction that looks backward and is in fact an
invention: get rid of the weft. Tire cord fabric is not woven in the ordinary sense.
It is a sheet of strong parallel warp cords held in place by the lightest possible
weft - mere pick threads that keep the cords spaced through processing and then
let the rubber hold them. The cord, not the weave, is the structure. Cotton cord
served the bicycle and early automobile era, and as speeds and loads rose, it
served ever worse: to be strong enough, cotton casings had to be thick, and thick
casings ran hot. The tire needed a fibre with more strength per gram and more
tolerance for heat. It found both, twice, in the chemistry of artificial fibres.

The artificial fibres

Rayon - regenerated cellulose, the first manufactured fibre - entered tire casings
in the 1920s and 1930s and transformed them. Continuous-filament rayon cord
was stronger than cotton, far more uniform, more heat-tolerant and immune to
rot. The thin, cool-running rayon casing made faster, longer-lasting tires and
became the standard of quality between the wars, especially in Europe. Then
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came nylon. DuPont's polyamide, famous first in stockings and parachutes,
reached the tire industry after the Second World War and brought a step-change
in brute strength and impact resistance: nylon casings shrugged off the bruising
that killed rayon on bad roads. When Dunlop introduced its R5 racing tyre in
1958, the headline change was precisely this - replacing the cotton fabric of the
earlier R1 to R4 designs with nylon, cutting a reported twelve pounds of weight
per tyre “**), Racing, as ever, announced what the road would soon standardise.

Each fibre brought a characteristic flaw with its virtue. Nylon flat-spots: a hot tire
parked overnight takes a temporary set that thumps for the first miles of the
morning. Rayon sagged under sustained load. Polyester, arriving in the 1960s and
1970s, offered the best balance for passenger cars - strong, stable, cheap,
dimensionally well-behaved - and became and remains the standard carcass cord
of the passenger tire, while nylon found its niche in cap plies that hold high-speed
tires together and in the casings of tires that take impacts for a living. Rayon, now
called viscose, persists in high-performance applications where its heat stability
matters. The modern passenger casing is typically a polyester skeleton with a
nylon cap; the truck and aircraft casing, as we will see, is steel '’

Steel cord: the filigree

The most remarkable material in the tire is the one that looks least like it belongs
in rubber. Steel cord is metalwork at textile fineness: high-carbon steel rod is
drawn through dies, finer and finer, until individual filaments emerge thinner than
sewing thread - fractions of a millimetre - then the filaments are stranded
together into cords with the geometry of tiny wire ropes, brass-plated so the
rubber will bond to them chemically during curing. The result is a cord of
astonishing properties: enormous tensile strength, near-zero stretch, total
immunity to heat damage, and fatigue life measured in the tens of millions of
cycles that a truck tire's life demands.

Steel cord made two revolutions possible. The first, in 1946, is the subject of the
next chapter: the radial tire, whose whole principle depends on an inextensible
belt - the idea Michelin patented with "a steel belt and carcass threads arranged
at right angles to the direction of travel" “**'. The second is quieter: the conquest
of heavy transport. Truck, bus, aircraft and earthmover tires live under loads that
tear textile casings apart; steel casings and steel belts are what allow a truck tire
to carry tonnes per wheel for hundreds of thousands of kilometres, and to be
retreaded - its casing surviving several lives of tread **°’. And at the very edges of
every tire, textile and steel alike, sits the bead: bundled steel wire, bronze or
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brass coated, the inextensible anchor that has not changed in principle since
Charles Kingston Welch's wired-on patent of 1890 "“°’. The bead is the tire's
handshake with the wheel, and it has to be perfect: every newton of driving and
braking torque passes through it.

The fibre industries behind the fibre

Stand back and the cord chapter is a map of adjacent industries, each large
enough for its own book in this series. Cotton growing and canvas weaving, the
original supply chain. The rayon plants of the viscose industry, with their carbon
disulphide chemistry and their own difficult environmental history. The nylon and
polyester polymerisation lines of the petrochemical fibre giants, for whom tire
cord was the technically premium market. The high-carbon wire-rod mills and the
brass-plating lines of the steel cord specialists - an oligopoly in its own right,
dominated by a few firms whose names (Bekaert of Belgium chief among them)
are famous inside the industry and invisible outside it. The adhesion chemistry
that bonds rubber to fibre - the RFL dip, resorcinol-formaldehyde-latex, a whole
sub-field of science that exists only to make two incompatible materials hold
together through a hundred million flex cycles. A tire is where the textile industry,
the steel industry and the rubber industry are stitched into one object, and the
stitching itself is a fourth industry. When we say, as this series does, that every
small part is its own industry, the tire's interior is the proof in cross-section.

By the early 1940s, then, all the raw materials of the modern tire existed: natural
and synthetic rubber, carbon black, rayon and nylon cords, steel wire, the full
compounding shelf. But the tire built from them was still constructed the old way -
plies laid diagonally, cords crossing each other at angles, a construction called
bias-ply, which every improvement in materials was making faster and stronger
but not fundamentally better. The bias tire had a fatal architectural flaw, and it
took one French engineer's willingness to rebuild the object from its skeleton
outward to see it. The materials were ready. The revolution came next.

The ladder of cords

The tyre cord is the least visible and most instructive material in the book,
because its history is a ladder the whole polymer industry climbed, rung by rung,
using the tyre as its first customer. The first rung was cotton: square-woven
canvas, later twisted cord, the casing of every tyre from the 1890s to the 1930s.
Cotton's limits were written into the early tyre's life - it absorbed moisture, rotted,
and fatigued under flexing, and its weakness forced the early bias casing into its
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many-plied, thick, heat-trapping form. The second rung was rayon, the
regenerated cellulose fibre, adopted through the 1930s and 40s: stronger than
cotton, uniform, immune to rot, and - decisive for the coming radial -
dimensionally stable under the loads that a belted construction imposes. The third
was nylon, arriving with the postwar synthetic fibre boom: so strong and so elastic
that it transformed casing durability, with one famous quirk - nylon's tendency to
shrink when hot and set when cooling left a flat spot on tyres parked warm
overnight, a thump-thump for the first miles of a cold morning that a generation of
drivers learned to forgive. Polyester followed in the 1960s and took the passenger
casing: nearly nylon's strength without the flat-spotting, cheap, stable, and happy
in the radial's single-ply architecture. Steel took the belts and the truck casings -
brass-coated cord drawn finer than hair, inextensible, immortal under the tread.
And aramid - the Kevlar family - came in at the top, weight for weight stronger
than steel, for the crowns of racing and ultra-high-performance tyres where mass
and heat are the enemies =715,

Each rung can be dated by the construction it enabled. Cotton built the thick bias
tyre; rayon and nylon built the strong bias tyre and the first radials; polyester built
the mass-market radial; steel built the belt and the truck radial; aramid built the
supercar tyre. The materials chapter of this book could be rewritten as a history
of textiles with rubber as the binding - and JATMA's materials accounting gives
the proportions their due: tyre cord is roughly an eighth of a modern tyre's mass,
and the reinforcement system together - cord, black, bead - outweighs the rubber
it serves *'7/,

The bead: the industry's load-bearing afterthought

The bead deserves its own paragraph, because everything the tyre does passes
through it twice: once as the tyre is levered over the rim's flange, when the bead
must stretch the casing's heels into place without breaking, and once for every
second of the tyre's life, when the bead must hold the inflated casing against a rim
that centrifugal force and cornering loads are trying to peel it from. The wire that
does this is a specially drawn high-carbon steel, bronze- or brass-coated so rubber
will bond to it - the coating is a chemical bridge, not a decoration - laid as a single
continuous strand into a hoop, rubberized, and wrapped into the casing's turned-
up plies. Welch's insight of 1890 - an inextensible ring at each edge of the cover -
survives unaltered in principle **?). What has changed is the precision: the bead's
diameter must match its rim within a fraction of a millimetre, because in a
tubeless tyre the bead's heel is also the air seal, and a tyre that seats a thousandth
of an inch out of true is a tyre that leaks at the kerb and walks off the rim at the

62



cornering limit. The tubeless bead and its rim seat, standardized worldwide, are
among the most quietly critical interfaces in all of engineering: four of them, each

the size of a shoe's toecap, are all that connects a moving vehicle to its own air
[S16]

The steel of the belt

The steel cord of the belt deserves a paragraph of its own, because it is the most
extreme material in the tire and the least visible. Tire cord steel begins as high-
carbon rod, drawn through successive dies to filaments finer than a human hair -
drawing work-hardens the steel until it reaches tensile strengths among the
highest of any mass-produced metal. The filaments are then stranded together, a
few at a time, into cords whose constructions - two by two, seven by seven, and
more complex - are a small engineering literature in themselves, balancing
strength, flexibility and the ability of rubber to penetrate and grip the strand. The
brass coating that makes the bond possible is applied by electroplating before the
final draw, so that it is drawn down with the steel itself; the bond it forms with the
rubber, during the cure, is a chemical reaction - copper sulphides growing into the
rubber's own crosslinked network - and it is strong enough that a belt fails by
tearing its rubber before it ever peels its wires. This matters beyond engineering
trivia, because the steel belt is what made the radial possible - Michelin's 1946
patent is, at heart, the idea of trapping a radially-laid carcass beneath an
inextensible girdle of just such cord, so that the tread is held flat and stable while
the sidewalls flex freely beneath it °**'***, A modern tire is therefore, among other
things, a steel product: the BTMA's constituent breakdown puts steel at about an
eighth of a car tire's mass, and the wire in one set of tires, unravelled, would
stretch across a town °*?'. The bead and the belt are the tire's skeleton in the most
literal sense, and they are the reason a tire is the one component of a modern
vehicle that a scrapyard cannot simply crush and forget - the wire follows the
rubber everywhere, into the shredder, the kiln and the pyrolysis reactor of
Chapter 14 =7,
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PART THREE - THE REVOLUTION

The Radial Revolution

In 1946 Michelin patented a tire built the wrong way around, and within a generation it had
destroyed the old industry's structure and redistributed its profits across continents.

The radial architecture: a flexible sidewall, an inextensible belt, and a tread that stays flat on the road.
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E very revolution in this book so far has been a material - rubber, sulphur, soot,

cord. The radial revolution was a geometry. Nothing new was added to the
tire in 1946; instead, the existing materials were rearranged according to a new
idea about which part of the tire should do which job. The rearrangement sounds
simple and took the industry a generation to digest. It doubled tire life, cut fuel
consumption, transformed handling, bankrupted famous companies, shifted the
industry's centre of gravity from America toward Europe and Japan, and stands
today as the standard construction for virtually every road vehicle on earth. It is
the single most important event in the history of the object.

The flaw in the bias tire

The conventional tire of 1940 was bias-ply: its casing plies were laid with cords
running diagonally, alternating direction ply over ply, so that the whole carcass
was a crisscross lattice. The construction is intuitive - a woven-looking basket is
obviously strong - and it has one fatal mechanical property: the sidewall and the
tread are one continuous structure. Everything the sidewall does, the tread must
do, and vice versa. When the tire rolls into its contact patch, the lattice at the
crown must distort; the crossing cords scissor against each other, and the tread
squirms on the road. That squirm is the bias tire's secret life: it scrubs away
rubber, converts energy into heat, and builds internal temperature with speed
until, at the limit, the construction destroys itself. Michelin's own history of the
radial states the problem plainly: the bias-ply tires of the era were short-lived,
their reliability poor, and their sidewalls heated dangerously at sustained speed,
provoking failures ',

The limits were being felt everywhere by the late 1930s. Cars were getting faster;
trucks were getting heavier; the war had taught armies how much logistics was
tire logistics. The bias tire could be improved - better cords, better compounds -
but not cured, because the disease was the architecture. What was needed was a
way to let the sidewall be soft while the tread stayed rigid: to divide the labour of
the structure the way a building divides the labour between walls and floors. In
Clermont-Ferrand, a Michelin engineer named Marius Mignol had been turning
exactly this idea over since the end of the 1930s '/,

The fly trap

Mignol's concept inverted the conventional structure. Run the carcass cords not
diagonally but radially - straight across the tire from bead to bead, at ninety
degrees to the direction of travel, like the lines of longitude from pole to pole. A
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radial casing is flexible and low in internal friction; it cannot by itself stabilise the
crown. So wrap the crown in a separate, nearly inextensible belt: layers of steel
cord laid at low angles, hoop-like, holding the tread flat and round. Sidewall and
tread, one continuous problem in the bias tire, are now two different structures
with two different jobs. The prototype was so strange - flabby sidewalls, a crown
stiff as a barrel hoop - that inside Michelin it was nicknamed the "fly trap" ***.

The tests, Michelin records, were immediately promising, and the company moved
with uncharacteristic speed for so radical a break: on 4 June 1946 Michelin
registered the patent for what became the MICHELIN X, the first steel-belted
radial tire “**'***, The performance case was overwhelming. The radial's tread,
held flat by the belt, did not squirm: it gripped better, wore far more slowly and
evenly, and - because the energy once wasted in internal scrubbing now stayed
out of the tire - ran dramatically cooler and rolled with less resistance, saving fuel.
The flexible sidewalls cushioned the ride and, being cooler, lasted. The radial was
not an increment. On every axis that mattered - life, grip, comfort, economy - it
was a doubling or better %,

The radial tire separated what the bias tire had confused: the sidewall
was told to be a spring, the belt was told to be a drum, and the tread
was finally allowed to be a surface.

The conversion

Michelin pressed its advantage the way Du Cros once had: it made the radial, sold
it, licensed it - and let the demonstration happen on the road. France converted
first, then Europe. Every maker who resisted found itself selling the old
technology against a product that lasted twice as long; Citroén, owned by
Michelin for three decades, shipped radials as standard, and the French motoring
public became the world's first radialised fleet. In the United States the
conversion met its second great enabling change: the tubeless tire.

The tube, remember, had been part of the architecture since 1888 - the separate
inner bladder that held the air while the casing held the shape. Attempts to delete
it were as old as 1892, and patents littered the intervening decades: Killen Tire's
British patent of 1930, Goodyear's Wingfoot subsidiary's South African patent of
1944, none reliable in production "“'®. What made the tubeless tire real was
chemistry: butyl rubber, the wartime-born synthetic whose air impermeability
finally allowed a casing to hold pressure without a bladder. Frank Herzegh at B.F.
Goodrich applied for his patent in 1946 - the same year as the Michelin X - and on
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11 May 1947 Goodrich announced the tubeless tire to the world, after testing on
taxis, Ohio state police cars and private fleets; the patents were granted in 1952
and by 1955 tubeless was standard equipment on new American cars “*'***, The
New York Times in December 1954 promised the motorist of 1955 "at least 25 per
cent more mileage" from his tires and "almost no blowouts"; a U.S. Rubber
executive called it "one of the most far-reaching changes ever to take place in the

°1°! He was right, and the tubeless and the radial were about to fuse

tire industry" !
into one product: the tubeless radial, the modern tire, eliminating the tube, the

flap, the squirm, the heat and half the weight of the old assembly at a stroke.

America resisted the radial longer than Europe, for reasons that were industrial,
not technical. The Big Four's factories were built for bias tires, with enormous
sunk capital in bias building equipment; their dealers understood bias; and
Detroit's suspension tuning was calibrated to bias-ply behaviour. The conversion,
when it came in the late 1960s and 1970s, was therefore brutal. Goodrich moved
early and Michelin entered the American market directly, but the deeper story is
written in what happened to Akron: the radial lasts so much longer that the
replacement market - the industry's profit engine - structurally shrank even as it
grew richer per unit, and the old bias plants were worth more as scrap than as
factories. The radial revolution is the background hum of Chapter 11's story of
Akron's rise and fall *°?’. And it reshuffled the global league table permanently: the
makers who mastered radial early - Michelin first, then Bridgestone, which
converted aggressively from the 1960s - are the makers at the top of the industry
today °*°,

What the revolution settled

Since roughly 1980, the road-tire world has been radial. The construction won so
completely that "tire" now means "radial tubeless tire" in every showroom, and
the bias-ply survives only in niches - some agricultural, industrial, vintage and
motorcycle applications - where its toughness or its simplicity still earns its keep.
Every subsequent chapter of this book assumes the radial architecture: the
factory in Chapter 9 is a radial factory; the contact-patch science of Chapter 10 is
radial science; the market shares of Chapter 13 are the league table the radial
drew. One engineer's rearrangement of cords, patented in a country emerging
from occupation, became the load-bearing idea of the largest rubber goods
industry on earth. The materials chapters asked what the tire is made of. This
chapter answered how those materials must be arranged. The next asks how, at
the scale of billions of units, such a thing is actually made.
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America's long conversion

The radial's passage into the United States deserves a closer look, because it
shows how a clearly superior technology still takes a generation to win when the
industrial system is built against it. Through the 1960s, American makers
answered the radial with improved bias designs - the bias-belted tire, a hybrid
with circumferential belts over diagonal plies, was Detroit's preferred
compromise: some of the radial's tread stability without rebuilding the factories.
Michelin attacked the market from two directions: from below, through the
replacement market and the small-car segment where its tires already fit, and
from above, through the trucking industry, where fuel and mileage arithmetic is
merciless and the radial's advantages converted directly into cost per mile. The oil
shocks of the 1970s did the rest: when fuel economy became a national obsession,
the rolling-resistance savings of the radial stopped being an engineer's detail and
became a selling point, and Detroit's fitments flipped within a few model years.
Goodrich, the smallest of the Big Four, moved earliest and survived best on tire
technology alone; the industry's consolidation followed - Firestone to Bridgestone,
General to Continental, Uniroyal-Goodrich to Michelin - until the old Akron league
table had been redistributed among foreign owners. The radial did not merely
change how tires were built. It decided which companies, and which countries,
would build them.

The radial in the heavy world

The truck radial deserves its own note, because heavy transport felt the revolution
even more deeply than the passenger market. A long-haul truck tire is a cost-
accounting object: its price is weighed against fuel consumed, miles delivered,
casing survival and retreadability. The radial won the heavy market because it
won that arithmetic on every line - lower rolling resistance on a vehicle burning
fuel by the barrel, tread life in multiples of the bias tire, and a steel casing durable
enough to carry the retreading economy of Chapter 12. The modern truck tire is
effectively all-radial and all-steel - steel carcass, steel belts - and its design life is
measured not in years but in hundreds of thousands of kilometres and multiple
tread lives. When the container shipping revolution put the world's freight on
trucks at both ends of every voyage, it was the radial truck tire that carried it. The
globalised economy rests, quite literally, on a steel-corded ring.

The two adoptions
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The radial's conquest of the world happened twice, on opposite sides of the
Atlantic, in opposite styles, and the contrast is a case study in how industries
absorb revolution. In Europe the adoption was led from below, by the makers and
the drivers. Michelin put the X on the market in 1949 and, crucially, on cars: the
little Citroens and Lancias of the early 1950s were engineered around radial tyres
- the Citroen 2CV's suspension and the Lancia Aurelia's were designed with the
radial's characteristics in mind - and the tyre's virtues were legible to any driver
who compared mileages. A radial simply lasted two, three times as long as the
bias tyre it replaced, gripped better in the wet, and rolled easier, in an era when
fuel and tyres were both dear “"*'*'*. European drivers voted with their wallets;
rival makers licensed Michelin's patents rather than perish - an astonishing
capitulation that Michelin deliberately engineered, licensing the radial widely to
make it the standard - and by the early 1960s the European bias tyre was
effectively finished; by 1972 the New York Times could describe radials as having
'swept Europe' while America still hesitated. The radial won Europe in fifteen
years, from the showroom up °**%,

In America the same revolution took twenty-five years and had to be forced. The
Detroit equation was different: fuel was cheap, tyres were sold largely as original
equipment to carmakers who bought on price, and the big American tyre
companies had billions invested in bias-ply plants and the capital logic of
depreciation. Through the 1950s and 60s the American industry's answer to the
radial was the belted bias - a hybrid construction adding stabilizing belts to a bias
casing, most famously Goodyear's Polyglas - which captured some of the radial's
tread life at a fraction of the re-tooling cost. Michelin, blocked from the market as
an importer, did what challengers do: it built factories on the continent - in
Canada from 1971 - and sold to the replacement market, driver by driver, on the
same mileage arithmetic that had won France. The end, when it came, came fast:
the 1973-74 fuel shock made rolling resistance a selling point overnight, Detroit
demanded radials as standard fitment for its downsized fuel-economy fleet,
Goodyear, the last and largest holdout, announced its steel-belted radial lines at
the end of 1972, and the American industry's belted-bias holding position
collapsed in a few years of the most expensive re-tooling the industry had ever
attempted °°?’. Plants that could not convert closed; the American tyre map of
1985 was unrecognizable beside that of 1970, and much of Akron's decline, told in
Chapter 11, is written in that decade "%,

The tubeless revolution, revisited
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The tubeless tyre's adoption, running in parallel, looks quieter but was in some
ways deeper, because it changed the tyre's relationship with failure. The tubed
tyre's characteristic failure was sudden: a puncture cut the tube, the air left in
seconds, and the driver wrestled a dead tyre to the kerb. The tubeless tyre,
sealing around the nail that wounded it, fails slowly - air sighs out over hours or
days, the pressure warning arrives before the crisis, and the roadside wheel-
change, that ritual of the motoring's first half-century, began its long retreat °*°’.
Herzegh's 1946 patent and the 1947 Goodrich announcement were, technically, a
synthesis rather than a bolt from the blue: butyl rubber gave the impermeable
inner liner, the precision bead and rim seat gave the seal, and the ideas reached
back to Smallman's 1892 sketch of a tyre with no tube at all *****?, What the
tubeless construction required, beyond materials, was a leap in manufacturing
discipline: a tubed tyre could be built loosely, because the tube held the air and
the casing merely held the tube; a tubeless tyre is its own pressure vessel, and
every splice, every liner joint, every bead heel became a potential leak to be
engineered out. The industry's answer was the uniformity and X-ray inspection
regime of the modern factory, described in Chapter 9 - quality control born, in
large part, of the need to build a tyre that could be trusted to hold its own air **¢
=0H By 1955 tubeless was standard on American cars; the inner tube survives
today at the edges - in some truck, agricultural, motorcycle and bicycle
applications - a reminder that no technology in this book ever quite disappears; it
just retreats to the niches where its particular compromise still wins °**/=*¢],
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PART THREE - THE REVOLUTION

How a Tire Is Built

Mixing, calendering, building, curing: the factory is a chemistry plant married to a tailor's
shop, multiplied to billion-unit scale.

The curing hall: green tires enter the moulds soft and pale-marked, and emerge as finished tires.
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N obody who has watched a tire being made ever again thinks of it as a simple

object. The process is a relay of five distinct industrial arts - compounding,
component forming, assembly, curing, inspection - each with its own machinery,
its own tolerances and its own workforce, feeding a product that must emerge
identical, unit after unit, by the million. A modern tire plant is one of the densest
concentrations of process technology in civilian manufacturing: part chemical
works, part textile mill, part machine shop, part bakery. And it runs, globally, at a
combined rate of several tires every second, around the clock, to produce the 2.6
billion units the world bought in 2025 =%,

The mixer: making the compound

Everything begins with the recipe. Raw rubber - bales of natural, slabs of
synthetic, some thirty different kinds of rubber in a typical plant's stores - goes
into the heart of the factory: the internal mixer, universally named after its
inventor's machine, the Banbury. The Banbury mixer is a sealed chamber with
counter-rotating rotors that knead the rubber with carbon black, oils, sulphur held
back for later stages, accelerators and the protective chemicals, under
tremendous heat and pressure, until the batch becomes a hot, black, gummy,
homogeneous compound "?°. The International Labour Organisation's
encyclopaedia description catches the scale: hundreds of components combined,
each pre-weighed, charged in sequence, with time, temperature and rotor energy
treated as engineering variables in their own right *°*.

Mixing is where tire quality is decided before the tire exists. Every compound in
the product - tread cap, tread base, sidewall, inner liner, bead filler, belt skim - is a
distinct recipe with distinct targets, and the mixer's job is to disperse each
recipe's powders through the rubber so completely that a sample taken anywhere
in the batch tests identical to a sample taken anywhere else. The plant then milled
the hot batch into slabs or strips, cooled it, identified it, and sent it on “*°. A
compound mistake discovered after curing is a scrapped tire; discovered after
sale, it can be a recall. The mixer room is, in every sense, the factory's kitchen and
its conscience.

The components: an object made of parts

A tire is not moulded in one pour. It is assembled from a kit of pre-formed
components, and the middle of the factory is a set of production lines making the
kit. Extruders force compound through shaped dies to produce continuous profiles
- the tread band, the sidewall strips, the apex fillers that stiffen the zone above the
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bead - which are cut to length for each tire. Calenders press compound between
great heated rollers onto sheets of cord - polyester, rayon or steel - producing
rubberised fabric, the casing plies and belt layers, cut on the bias at precisely
specified angles. The bead shop winds brass-plated steel wire into hoops and
coats them with rubber. The inner liner, the modern descendant of the inner tube,
is calendered as a thin sheet of halobutyl-rich compound whose only job is to
refuse to let air pass. By the time assembly begins, the "tire" is a rack of black
parts: plies, belts, beads, tread, sidewall, liner, chafer strips that resist the rim's
chafing - Goodyear's process description enumerates them one by one, ending
with the tread, the last part to go on %,

The building machine: the tailor's table

Assembly happens at the tire building machine, the signature workstation of the
industry. On a collapsible drum, the builder - historically a skilled hand,
increasingly a servo-controlled machine - lays down the components in exact
sequence: inner liner first; then the casing plies; the beads, set into place with
their apex strips; the chafer strips that will face the rim. Then the drum expands
or the assembly is transferred to a second stage, where the belt package and the
tread band are applied around the crown. Automatic rollers stitch each layer
down, pressing out trapped air and consolidating the stack. Goodyear's account of
radial construction notes that the building machine pre-shapes the tire close to its
final dimensions, to hold every component in true position for the mould “*°’. The
finished assembly is pale green, soft, and strangely light-looking: the green tire. It
has the shape of a tire, more or less - cylindrical, with a flat crown and no tread
pattern - and none of the properties. In its uncured state it is only a promise.

Building is where the industry's craft tradition lives longest. A radial casing must
be centred to within tight tolerances; cords must lie at their specified angles;
splices must be staggered so no single seam weakens the ring. The great tire
makers compete on the precision of this stage as much as on compound secrets,
because every gram of imbalance laid in here will be felt by a driver at speed, and
every misplaced cord is a stress concentration waiting for its millionth cycle.

The press: born in fire

The green tire's transformation happens in the curing press - the descendant,
direct and unbroken, of Charles Goodyear's hot stove. The press closes a two-part
mould around the green tire; an internal bladder inflates with steam or hot water,
pressing the soft casing outward into the mould's engraved surfaces; and heat -
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over 300 degrees Fahrenheit, for twelve to twenty-five minutes depending on size,
in Goodyear's figures - drives the wvulcanization reaction through the whole
structure '*?°, In those minutes, the sulphur cross-links form, the hundred
materials fuse into a single bonded composite, and the mould carves the tread
pattern and the sidewall's lettering into the rubber simultaneously “*°’. When the
press opens and the finished tire pops out onto its conveyor, the object has been
given, in one act, its shape, its grip and its immortality - cured rubber cannot be
melted down and made again. That irreversibility is the root of the entire end-of-
life problem of Chapter 14.

The curing hall is the factory's bottleneck and its signature: rows of presses
hissing steam, each cycle timed to the second, the whole plant's output governed
by mould count and cure time. After cure come uniformity and balance machines,
X-ray and shearography inspection that peer into the structure for trapped air or
mislaid cords, visual inspection, and the warehouse. A premium tire may also be
ground, balanced and matched. Only then is it shipped.

The machinery industry inside the industry

Behind all of this stands a sector almost nobody outside the tire world has heard
of: the tire machinery industry. Banbury mixers, extruders, calenders, steel-cord
creel rooms, building drums, curing presses, uniformity machines - these are
made by specialist firms (the mixer tradition descends from Farrel of Connecticut;
building machines are a Dutch-German-Japanese specialty, VMI chief among
them) whose order books are a leading indicator of the tire industry's own
expansion. A new tire plant is a capital commitment of hundreds of millions of
dollars and years of construction, and its equipment is purpose-built: there is no
general-purpose machine tool in a tire factory. This is one reason the industry's
geography changes slowly even when economics scream for change - factories are
decades-long commitments of bricks and presses - and why, as we will see in
Chapter 11, the old rubber cities could not simply re-tool their way out of decline.
The tire is assembled in minutes. The industry that assembles it is assembled in
decades.

KEY FIGURES - THE CURE

300°F - 12-25 min

curing temperature and time range per tire, size-dependent, in the mould that simultaneously vulcanizes
the rubber and engraves the tread (Goodyear). [S20]
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Inspection: trusting no tire

The end of the line has its own technology, because a tire is one of the few mass
products whose failure can kill. Finished tires pass uniformity machines that spin
them against a load drum and map force variations around the circumference -
the thumps and pulls a driver would feel - and balance machines that locate every
heavy spot. X-ray and, increasingly, shearography systems peer inside the cured
structure for the two invisible killers: trapped air between plies and misaligned
cords, neither of which can be seen from outside and both of which grow under
service into separations. Anything suspect is destroyed, not reworked - a cured
tire cannot be taken apart. The tolerances behind this are extraordinary for a
product that sells by the billion: premium passenger tires are held to force-
variation limits measured in newtons, on a composite object made of a hundred
materials, by machines that must certify every single unit, since no sampling plan
can catch a one-in-a-million structural flaw before it matters. The industry's
modern automation push - robotic green-tire handling, machine-vision sidewall
reading, lights-out curing halls in the newest plants - is the continuation of this
inspection logic: the less the human hand touches the product between mixer and
mould, the fewer the flaws there are to find. The newest tire plants being built in
the American South, Eastern Europe and Southeast Asia are, in effect, chemical
plants with the discipline of semiconductor fabs - and the comparison would not
have embarrassed Marius Mignol, whose fly trap needed precisely that discipline
to work ',

The economics of the plant

A word on the factory as a financial object, because it explains the industry's
behaviour in later chapters. A competitive passenger-tire plant produces on the
order of ten to twenty million units a year; below that scale the fixed costs -
mixers, calender lines, dozens or hundreds of curing presses, the uniformity and
X-ray inspection hall - cannot be spread thinly enough to match rivals' unit costs.
The building itself is the smallest of the commitments; the machines are the
investment, and they are specialised past any alternative use: a curing press cures
tires, and nothing else. Hence two rules of the industry's geography. First,
capacity is added in great lumpy steps, whole plants at a time, never smoothly -
which is why the industry alternates between shortage and glut. Second, old
plants die slowly: a fully depreciated factory with paid-off presses can produce at
cash costs a new plant cannot match, so capacity clings to life in places where the
economics of new construction were lost long ago. Akron's bias-ply plants lived
decades past their technological prime on exactly this logic, until the radial made
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their product unsellable at any cost ***. And the same logic shapes today's map:
the newest capacity rises where energy, labour and logistics are cheapest and
demand grows fastest - which is why the modern plant announcement reads
Thailand, Serbia, Mexico, Andhra Pradesh, and why the tire plant, like the
plantation, follows the economics of the long cycle rather than the politics of the
moment.

The factory in slow motion

A tyre factory repays slow description, because each of its stages is a small
industry in itself and the whole is one of the most demanding flow processes in
manufacturing - hundreds of components, several chemistries, and a product
whose failure mode is a blowout at highway speed "“°*. It begins at the Banbury,
the internal mixer named for its 1916 inventor, where bales of rubber - natural
and synthetic, each with its own temperament - meet the carbon black, oils,
sulphur and chemicals of the recipe. The Banbury's counter-rotating rotors knead
the batch in a sealed chamber under tonnes of ram pressure; the batch heats itself
with its own working, and the compounder's art is to complete the dispersion - to
break every black aggregate's delivery form into its working form, evenly, through
every gram - without either scorching the batch into premature cure or under-
mixing it into weakness. The batches come out in sequence, sulphur often
withheld to a final pass so that no batch ever sits warm with its cure system live,
and each batch is sampled and tested before it is released: the factory's quality
system begins before a single component exists #2156,

From the mix, the factory fans out into parallel component lines. Calenders -
stacks of precision steel rolls - sheet rubber into the airtight inner liner, and press
rubber into both faces of cord fabric to make the plies, the cord's spacing held to
fractions of a millimetre because the cord count is the casing's strength.
Extruders force rubber through shaped dies into the long profiles - tread,
sidewall, filler strips - that will become the tyre's working surfaces, cut to length
with the recipe's identity chalked and barcoded on every piece. The bead room
wraps its brass-coated wire into hoops and apexes them with hard rubber wedges.
Then the stages converge at the building machine, where a tyre is still
recognizably hand-assembled geometry: the builder - a person with a machine, or
increasingly a machine with a person watching - lays liner, plies, beads and
sidewalls onto a cylindrical drum for the first stage, then, in the second stage,
expands that carcass into its toroid over the belt and tread package. The result is
the green tyre: full-sized, tacky, fragile, grey-green with uncured compound, its
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tread blank. It is inspected at every stage by eye and camera, because a splice left
open or a ply laid askew cannot be fixed after the mould **°’.

The press and the proof

Curing is the tyre's birth and its exam. The green tyre goes into a two-piece mould
engraved in negative with the tread pattern and sidewall lettering; a bladder
inflates inside it like the tube it will never have, pressing the uncured mass into
every groove of the mould while steam and heat soak the assembly - Goodyear's
own description of its process gives over 300 degrees Fahrenheit for twelve to
twenty-five minutes, the time varying with the tyre's mass and recipe “**°. In those
minutes the sulphur bridges form through the whole thickness, the tread pattern
is cast into the surface, the sidewall is printed with the tyre's entire legal identity -
size, load, speed, date - and the tyre emerges as the finished object, smelling of its
cure. Then the proof. Every tyre passes uniformity machines that spin it against a
load wheel and measure the forces it generates - a tyre can be perfectly round and
still be wrong, stiff in one sector, heavy in another - and balance machines that
mark its light point; a sampling of tyres goes further, to X-ray that reads the steel
belt's lay inside the rubber, and to destructive tests that cut sections and drum-
test casings to failure. The uniformity numbers are not bureaucracy: they are, in
force-variation form, the difference between a car that hums and a car that
shudders, and the industry's tolerances on them are among the tightest in mass
manufacturing =294,

And a word for the people in this machine, because the ILO's encyclopaedia entry
is blunt about it: tyre building inherited, from rubber's first century, one of
industry's harder occupational environments - solvent vapours, rubber fume at the
mixers and mills, dust at the Banbury, noise on the floor - and the industry's health
history, from the bladder-cancer clusters traced to antioxidants of the 1950s to the
modern controls on nitrosamines and fume, is part of the tire's true cost °°*'. The
modern plant is a transformed workplace - enclosed mixers, extraction at every
hot point, robotics at the heaviest lifts - but the transformation was earned the
hard way, in studies and settlements, and it is not finished in every country the
industry now builds in. The material reckoning of Part Five begins, in fairness,
inside the factory walls =%,
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PART THREE - THE REVOLUTION

10

The Contact Patch

All the science of the industry converges on a few square inches of rubber pressed against
the road. This is the physics of those inches.

The working surface: the only part of the vehicle that touches the world.
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F or all the industry's scale - the plantations, the furnaces, the presses - the

entire product exists to manage one interface. The contact patch is the area
of tread pressed against the road at any instant: for a passenger car, typically the
size of a human palm or two; for a truck, a large hand. Through this small estate
must pass every force the vehicle generates - driving, braking, cornering - plus the
shocks of every surface irregularity, plus the shedding of every litre of rainwater
the road offers. The patch is small because pressure demands it: the tire presses
down with roughly its inflation pressure, and the patch area simply equals load
divided by that pressure. Everything in this chapter is about what happens inside
that small, squashed, slipping, gripping piece of geography.

Grip is not friction, exactly

Schoolbook friction - a coefficient, a normal force, a proportionality - describes a
block on a plank. Rubber on a road is stranger, and the strangeness is the
industry's opportunity. Tire grip comes from two mechanisms working together.
The first is adhesion: rubber pressed against road texture forms intimate
molecular contact, and the making and breaking of those bonds consumes and
transmits force. Adhesion is why a racing slick - a treadless band of soft
compound - grips a dry track so ferociously: maximum rubber, maximum intimacy.
The second mechanism is hysteresis: as the tread's rubber deforms over and into
the road's microscopic roughness, energy is lost inside the rubber's internal
friction, and that loss manifests as resistance to sliding. A good tread compound is
engineered hysteresis - lossy exactly when sliding threatens, frugal when rolling
free.

Here lives the tire's eternal triangle: grip, wear, rolling resistance. All three are
governed by the same compound hysteresis, tuned at different frequencies and
temperatures. Raise the lossiness where grip is generated and you usually raise it
where fuel is wasted and tread is scrubbed. The compounder's art - the selection
of rubbers, fillers, silanes, resins, plasticisers, and the cure that binds them - is
the art of cheating this triangle, pushing one corner out without paying too much
at the other two. Silica's rise, met in Chapter 6, was one great cheat; every
current "EV compound" is another “**, The tire that grips like a sports model,
wears like a taxi tire and sips energy like a bicycle does not exist; the industry's
product ladder is the map of the possible compromises.

The tread pattern: plumbing for the road
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If the compound manages the micro-scale, the tread pattern manages the macro-
scale, and its deepest problem is water. A rolling tire meeting a wet road must
clear the water film from the contact patch in the milliseconds of passage, or the
rubber rides up onto the film and grip collapses - aquaplaning, the sudden
conversion of a car into a sled. The grooves of the tread are drainage channels,
sized and angled to pump water from beneath the patch; the blocks and sipes - the
thousands of small slits cut across the tread elements - are wiping edges and local
flexibility, breaking the film and conforming to texture. Wet grip is substantially
hydraulic engineering. The smooth slick's dry superiority becomes, in rain, a
death trap; the deeply grooved rain tire of Formula 1 can move standing water at
a rate measured in litres per second at racing speed.

The pattern's other jobs crowd in beside drainage. Noise: tread blocks slap the
road in sequence, and engineers shuffle block sizes and pitches to spread the
acoustic energy into broadband hiss rather than a tonal howl - a problem that has
become critical in the electric era, when there is no engine to mask it ***'. Wear:
each block squirms as it passes through the patch, and block geometry decides
how evenly the tread sacrifices itself. Handling: the tread's lateral stiffness under
cornering decides how immediately the car answers the wheel. And durability: the
pattern must shed stones, resist tearing in gravel, and survive curbs. The sculpted
tread you see on a tire is a solved multi-objective problem, printed in rubber.

Winter: the fourth season of tire science

Cold is a compounder's enemy: rubber stiffens as temperature falls, and below its
glass transition a tread compound is more hockey puck than elastomer. The winter
tire exists because Finland exists. In 1934, Suomen Gummitehdas - the Finnish
Rubber Works, later Nokian Tyres - produced the Kelirengas, the "weather tire,"
developed with a Turku tire retailer for trucks working poor, snowy roads; the first
passenger-car winter tire, the Hakkapeliitta, followed in 1936, with a completely
transverse, tooth-like tread for snow and mud **°. The winter tire's science has
three pillars. A compound that stays soft in the cold. Sipe density far beyond a
summer tire's, for edge grip on ice. And, from the early 1960s, the stud: hardened
metal pins set into the tread, biting glare ice directly - a solution so effective, and
so destructive to road surfaces, that Finland introduced stud regulations in 1974
and mandated winter tires themselves in 1978 **°. The non-studded, heavily siped
"Nordic" winter tire and the modern studless ice tire are the descendants of that
negotiation between grip and road wear *°°,

80



The winter tire also created a consumer habit unique in the product's history:
seasonal tire changeover, a twice-yearly ritual across the snow belt, with its own
service economy, its own storage hotels, and in some countries its own law. Few
industrial products impose a calendar on their users. The tire does, for hundreds
of millions of drivers, every spring and autumn.

The language of the sidewall

Every tire carries its specification in relief on its flank, and the code is worth
reading once, carefully, because it is the industry's own summary of what a tire is.
Take the common passenger marking: P225/60R16 97V. The P marks a P-metric
passenger tire (LT would be light truck; no letter, Euro-metric). The 225 is the
section width in millimetres. The 60 is the aspect ratio - sidewall height as a
percentage of width, the single number that most changed the look of the
automobile as it fell from the 80s of the 1960s to the 40s and 30s of today. The R
is the radial construction this book's revolution installed. The 16 is the rim
diameter in inches - a relic: metric widths on inch rims, the industry's permanent
bilingualism ", The final 97V is the service description: 97 a load index keyed to
a standard table, V a speed symbol rated to 240 km/h =°°,

Alongside the size runs the regulatory record. In the United States, the DOT code
certifies compliance with federal safety standards and ends in the tire's birth date
- plant, week, year - so that an aging tire can be read like a milk carton .
Europe layers on its type-approval marks and, since 2012, a consumer label
grading every tire sold on wet grip, rolling resistance and external noise - turning
the compound triangle into three letters on a sticker. The sidewall is, in the end, a
legal document, a specification sheet and a birthday, cast into the product itself.
The next chapter leaves physics for geography: the cities that built themselves on
this object, and what happened to them when the object changed.

KEY FIGURES - READING A SIDEWALL

P225/60R16 97V

Passenger tire, 225 mm wide, sidewall 60% of width, radial, 16-inch rim, load index 97, speed rating V
(240 km/h). The DOT code adds plant and week-year of manufacture. (Tire Industry Association) [S60]

Rolling resistance: the quiet number

Of all the tire's properties, none has risen from obscurity to headline faster than
rolling resistance - the energy the tire consumes simply by rolling. The mechanism
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is hysteresis again: as each element of the tire cycles through the contact patch,
its rubber and cords flex and relax, and the energy returned on relaxation is
always less than the energy put in on flexing. The difference leaves as heat. Feel a
tire after a fast hour on the highway and it is warm: that warmth is the vehicle's
fuel or battery charge, converted to waste by the tire's own suppleness. The
industry's measure is the coefficient of rolling resistance, and the progress has
been substantial: the bias tires of the 1960s dissipated roughly twice what a good
modern passenger tire does, and the best current compounds cut the figure again
by a third or more below the ordinary modern baseline. The stakes are set by
arithmetic: tires are responsible for a meaningful share of a vehicle's total energy
consumption - commonly cited in the industry's engineering literature in the
range of a fifth to a third of fuel or charge, depending on duty - so every
percentage point of rolling resistance is a percentage point of the world's road-
transport energy. That is why the property is now regulated as well as marketed:
the European tire label, mandatory since 2012, grades every tire sold in the EU on
fuel efficiency, wet grip and external noise, turning three invisible properties into
a sticker the buyer can compare. Regulation made the compound triangle public.
The label is the reason "energy class" now appears in tire advertising between the
price and the brand.

The aquaplaning threshold

Wet grip's physics deserves one more paragraph, because it contains the most
consequential number the ordinary driver never learns. Aquaplaning is not a
gradual loss of grip but a threshold event: as speed rises on standing water, the
tread's drainage capacity is overtaken by the inflow, a wedge of water builds
under the leading edge of the patch, and at a critical speed the rubber leaves the
road entirely. The critical speed depends on pressure, tread depth, water depth
and texture - which is why a half-worn tire at low pressure on a rainy highway is a
different object from the same tire new and properly inflated, and why the legal
minimum tread depths written into the world's traffic codes are, in effect,
aquaplaning margins. The grooves the law insists on are not decoration or even
primarily grip; they are the difference, on one wet night in ten thousand, between
steering and floating. The tread pattern is the safety system you cannot see
working, until the moment it is all that is working.

The physics of the cold
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The winter tyre is a temperature technology before it is a snow technology, and
the distinction is the whole design problem. A tyre tread is a viscoelastic material:
its grip comes from its ability to deform into the road's texture and to dissipate
energy as it does - the same hysteresis that costs fuel is what bites the road. Every
compound has a temperature at which it glassifies, stiffening from leather toward
hard plastic, and a summer compound optimized for warm asphalt begins that
transition around the temperatures of a cold autumn morning. Below that
threshold the tread can no longer flow into the road's micro-texture, and grip falls
away on bare cold tarmac with no snow in sight - the winter tyre's first job is
simply to stay soft. Its compound is formulated with high natural-rubber content
and oils chosen to keep the glass transition far down the thermometer, so that at
freezing the tread is still supple enough to key into the road ='*>°%,

Snow and ice then add their own problems, and the tread architecture answers
them separately. Snow grips snow - the packed snow held in a tread's grooves
shears against the snow on the road far better than rubber does - so the winter
tread is cut into deep blocks edged with thousands of sipes, the fine slits that
multiply the biting edges and wipe the water film that lubricates ice. The
transverse tread of the 1934 Kelirengas was the first mechanical answer, orienting
the blocks to bite on rotation; the studded tyre added tungsten-carbide pins for
glare ice; and the modern studless winter tyre, developed from the 1970s as stud
bans spread, pursues ice grip through compound and sipe geometry alone "°%.
Regulation has codified the physics: the Alpine symbol - the three-peak mountain
snowflake - now certifies tested snow performance rather than marketing, and
Finland's winter tyre law of 1978, born in the country that invented the category,
made the seasonal changeover a civic rhythm across the snowbelt *°%,

The sidewall, decoded

Every tyre carries its own specification sheet, moulded into its sidewall in a code
that repays learning, because it is one of the most information-dense markings in
daily life. Take the string the Tire Industry Association uses as its example:
P225/60R16 97V *°' The P is the service class - passenger - where LT would mark
a light truck and its absence a metric Euro-size. The 225 is the section width in
millimetres at the tyre's widest point. The 60 is the aspect ratio - the sidewall's
height as a percentage of the width - and the history of handling fashion lives in
that number, which has slid from the 80s of the 1970s to the 35s of modern
performance fitments as sidewalls shrank and steering sharpened at the cost of
ride. The R is the radial construction; the 16 is the rim diameter in inches, the
industry's enduring bilingual compromise of metric width and imperial wheel. The
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97 is the load index, a coded table entry - the code, not the kilograms - and the V
is the speed rating, the tyre's certified sustained maximum, running up the
alphabet through S, T, H, V W and Y from family saloon to supercar. Behind the
size string sits the DOT code and the Tire Identification Number, ending in the
four digits every owner should know: the week and year of manufacture, because
rubber ages on the shelf as surely as on the road *°”. A tyre is the only part of a
car whose birth certificate is public property, pressed into its flank.

Water, and the third contact

Between dry grip and snow lies the condition that kills the most drivers, and the
tread's third great job: water. A rolling tyre meets a wet road in three zones - a
leading wedge where the tread displaces the bulk of the water, a transition of thin
film, and, if the first two succeed, true contact at the rear of the patch. Fail to
clear the water and the tyre climbs onto the film: aquaplaning, the condition in
which a tyre surfs, steers nothing and brakes nothing, its load carried entirely by
water pressure. The tread's circumferential grooves are drainage channels sized
to pump litres per second per tyre at highway speed; their void ratio, direction
and depth are the designer's defence, and the defence thins as the tread wears -
which is why wet braking, not dry, is what tread-depth laws regulate, and why the
worn tyre that passes a dry test can still be a hazard in rain. The tyre industry
measures this in standardized wet-grip classes on the labels modern markets
require; the buyer who reads the sidewall's little label is reading, in effect, the
tyre's report card in the discipline that matters most /¢,
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PART FOUR - THE MACHINE AND THE MARKET

11

The Company Town

Akron made the tires and the tires made Akron. The industry's geography - Ohio, the
Auvergne, Kyushu, Hanover, Milan - is a history of founders, families and one city's rise and
fall.
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I ndustries have addresses, and the tire industry's addresses tell its story better

than any stock table. For three-quarters of the twentieth century, the
industry's capital was a medium-sized city in northeastern Ohio that most of the
world knew only as a name on a sidewall. Around it stood a ring of secondary
capitals: Clermont-Ferrand in the Auvergne, Hanover in Lower Saxony, Milan,
Kurume on the Japanese island of Kyushu, Stoke-on-Trent in England. Each was a
company town in the truest sense - a place where one industry organised not just
work but housing, sport, health, politics and identity. The rise and partial ruin of
these towns is the human geography of the pneumatic tire, and no study of the
industry is complete without it.

Akron: the rubber capital

Akron's rubber story begins before the tire: Benjamin Franklin Goodrich brought
his rubber works to the city in 1870, drawn by canal and rail connections, and the
town spent three decades as a modest maker of hoses and sundries ***. Then the
automobile arrived and Akron detonated. In 1898, Frank and Charley Seiberling
bought two empty factories on Market Street and founded the Goodyear Tire &
Rubber Company, naming it for the inventor of vulcanization, who had died
penniless thirty-eight years earlier; their first products were horseshoe pads,
poker chips and carriage and bicycle tires *°®. In 1900, Harvey Firestone founded
the Firestone Tire & Rubber Company down the road; its first factory opened in
1902 with twelve men, and by 1906 sales had passed a million dollars "%,
Goodrich was already there. General Tire followed. By the 1920s the names on
Akron's payrolls read like the league table of world rubber: Goodrich, Goodyear,
Firestone, General, Seiberling, Mohawk, Sun °%,

The numbers of the boom are worth fixing. By 1930 nearly two-thirds of all tires
produced in the United States were made in Akron ™. The companies built
neighbourhoods - Goodyear Heights, Firestone Park - and the city's identity fused
with the product: the University of Akron trained rubber chemists, the air was
famously heavy with the smell of rubber, and as the city's historians put it, "to
some, it stank; to others, it smelled like money" “°?. Goodyear's innovations set
the industry's early pace: the straight-sided tire of 1901 with its braided wire
bead, which made mounting a tire a job rather than a wrestling match %;
Firestone's non-skid tread of 1908, which made the patterned tread standard on
every highway tire after it °°". Firestone's alliance with Ford put Akron rubber on
the Model T's America. The city's wartime conversion - tires for military
equipment, but also ammunition, anti-tank guns and aircraft work, tens of
thousands employed - completed the fusion of city and industry %
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The fall, when it came, was slow, visible and unstoppable. The radial revolution
devalued the city's plant: Akron's factories were bias-ply cathedrals, and the
companies hesitated to rebuild them when newer, cheaper, non-union ground
existed to the south and abroad. Foreign radial makers entered the American
market with better tires at competitive prices. Tire lives doubled, gutting the
replacement volumes the plants were sized for. From the 1970s, the plants closed
one after another, production moving south and overseas; then the headquarters
followed, all but Goodyear's. "By the 1980s," the University of Akron's history
summarises, "much of the rubber industry and, thus, Akron had disappeared" *°“’.
Firestone sold itself to Bridgestone in 1988; General to Continental; BFGoodrich's
tire brand to Michelin; Uniroyal-Goodrich merged into Michelin's North American
arm. The Rubber Capital of the World kept exactly one major tire company's
headquarters. Its rebirth as a polymer-science centre - the University of Akron's
polymer college is world-class - is a genuine second act, but a smaller one **%',

Clermont-Ferrand and the Michelin century

If Akron was the industry's boom town, Clermont-Ferrand is its cathedral city.
Michelin has been rooted there since 1889, and the company built around the tire
a whole ecosystem of French industrial culture: the research centre at Ladoux,
the test tracks, the foundries and machine shops, the guide, the maps, the
Bibendum brand, the museum L'Aventure Michelin on the old factory site °%°/=%7),
The Michelin method - deep vertical integration, patient private ownership,
engineering above marketing, secrecy as policy - produced the detachable tire,
the first automobile tires, the radial, and the modern low-rolling-resistance
compound lineage. The company's own list of firsts is characteristically
understated: first detachable bicycle tyre in 1891, first paved runway in 1916, first
radial in 1946 “°”), Michelin today employs about 114,000 people and makes tires
in 69 production facilities, selling into more than 170 countries *°”). Clermont-
Ferrand, a volcanic plateau city far from any port, remains the unlikely head office
of one of the two largest tire businesses on earth.

Hanover, Milan, Kurume

Continental began in Hanover on 8 October 1871 as Continental-Caoutchouc- und
Gutta-Percha Compagnie, making soft rubber goods, rubberised fabrics and solid
carriage and bicycle tires; it adopted its rampant horse trademark in 1882,
became the first German maker of pneumatic bicycle tires in 1892, and began
automobile pneumatic tires - treadless at first - in 1898 **°'. The tread pattern it
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introduced a few years later and the detachable rim it championed made it
Germany's tire house, a position it holds still, fourth or fifth in the world by sales
depending on the year's table %,

Pirelli began in Milan in 1872, Giovanni Battista Pirelli's elastic-goods factory
growing with Italian industry into cables and tires; its motorsport pedigree runs
from Prince Borghese's victory in the 1907 Peking-to-Paris race on Pirelli tires -
the event that made Italian industry famous on two continents - to its present role
as the sole tire supplier to Formula 1 **?. Pirelli's modern strategy is the
industry's clearest exercise in positioning: surrender the volume middle to others,
own the premium and prestige tier, and let the world's fastest cars carry the logo.

Bridgestone is the youngest of the giants and the most instructive. Shojiro
Ishibashi inherited a family clothing business in Kurume in 1906, made it a
specialist in tabi work socks, and then attached rubber soles to them - jikatabi -
learning rubber from the footwear up. In 1930 the tire division of his Nihon Tabi
company produced its first tires; on 1 March 1931 he founded Bridgestone Tire
Co., choosing an English name for exportability and reversing his own surname -
ishibashi means "stone bridge" - because he did not care for the sound of
Stonebridge **¥"***/. Japan's motoring age, the postwar economic miracle, the
aggressive conversion to radial production, and finally the 1988 purchase of
Firestone carried the reversed-name company to the top of the world industry.
The founder who began with sock soles built the business that today vies with
Michelin for first place “*°.

What the geography means

The map of tire capitals is not nostalgia; it is structure. Each surviving capital
specialised its way out of the Akron trap. Clermont-Ferrand kept research and
premium production. Hanover fused the tire into a broader automotive systems
business. Kurume anchored a global network from a Japanese quality culture.
Akron, which had everything in 1950 - the plants, the people, the science, the
brands - learned that proximity to a product's history is no protection against the
product's future. The industry's employment today is spread across low-cost
manufacturing regions - Thailand, China, Eastern Europe, Mexico, the American
South - while the capitals keep the laboratories, the racing departments and the
headquarters. The object is now global in a way its inventors could not have
imagined: designed in a handful of company towns, made on every continent,
worn out everywhere. Who, exactly, makes and sells the world's tires today, and at
what scale and margin, is the subject of Chapter 13 - after we visit the arenas
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where the product performs its most extreme duties: the racetrack, the runway
and the mine.

The blimp and the brand

No account of the company towns is complete without the industry's strange gift
to the sky. Goodyear began building balloons and airship envelopes before the
First World War and turned the knowledge into the most enduring advertising
medium in industrial history: the Goodyear blimp, flying since 1925, which made a
tire company into a presence above the stadiums and skylines of America. The
blimp was not whimsy. It was the visible tip of the industry's aeronautical branch -
the same companies that built tires built aerostats, barrage balloons, and
eventually aerospace components - and it taught the whole sector a lesson every
consumer industry since has borrowed: that a commodity product must build a
brand in the sky if it cannot differentiate on the shelf. Michelin's Bibendum,
Goodyear's blimp, Firestone's racing programme, Pirelli's calendar - the tire
industry invented much of the twentieth century's brand grammar, because it had
to. A tire is a grudge purchase, black and identical-looking; the companies that
survived were the ones that made the invisible difference between products
visible as identity.

Akron at flood tide

To feel what Akron was at its height, hold three facts together. In 1930, by the
Beacon Journal's retrospective accounting, nearly two-thirds of all tyres made in
America were made in that one Ohio city *°°. The four great names - Goodyear,
Firestone, Goodrich, General - had their headquarters within a few miles of each
other, ringed by the suppliers, mould shops, testing grounds and machine builders
of a complete industrial ecosystem *°?. And the companies had built, in effect, a
civilization around the product: Goodyear Heights and Firestone Park, whole
neighbourhoods of company-built housing; company hospitals, theatres,
gymnasiums; the Goodyear blimps overhead as floating billboards; a working
population that measured its life in shifts at the big plants *°*. The University of
Akron's history captures the city's sensory self-knowledge in a single sentence: to
some the rubber smell stank; to others it smelled like money "***. War multiplied
everything - the 1941 conversion of the Akron plants to war production was one of
the fastest industrial retoolings of the American war effort, tyres for aircraft and
trucks flowing beside barrage balloons, life rafts and the fuel cells that sealed
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themselves around bullets **°. At mid-century Akron was arguably the most
single-industry city in the industrial world, and the industry was the tyre.

The great consolidation

The unmaking of that map, and the making of the modern one, happened in a
single decade, and it happened because the radial transition and global
overcapacity met at the same moment. The 1980s restructured the entire industry
by merger. In 1986 the financier James Goldsmith's raid on Goodyear - fought off
at the cost of a savage corporate slimming - announced that even the largest
American maker was now a financial object. In 1987 Continental bought General
Tire, giving Germany its American arm; Continental's own milestone history
records the acquisition *°°". In 1988 Bridgestone bought Firestone, an acquisition
the company's own history records “*' - the deal that made the Japanese company
a global first-rank power overnight and moved one of Akron's founding names into
Japanese ownership. In 1989-90 Michelin absorbed Uniroyal Goodrich, as
Michelin's own history records, *°° taking the last independent Akron major and
the American market position that came with it. Pirelli, Sumitomo (which had
absorbed the Dunlop tyre interests), and the Korean and later Chinese makers
filled out the new table. The NBER's study of the period finds that three-quarters
of the American industry's companies, holding ninety percent of its value,
experienced a takeover bid or change of control in the 1980s “**. By 1990 the
industry had gone from a dozen national champions to a handful of multinationals,
and Akron's manufacturing era was closing - by the retrospective count, an
industry that had employed tens of thousands in the city was, within a generation,
effectively gone from it, leaving behind the polymer science that the University of

Akron had built on rubber's foundations and the headquarters of Goodyear alone
[S58]1[S59]

What consolidation actually bought was global scale for a product that is
surprisingly expensive to move. A tyre is mostly air and mostly valueless by
volume; shipping finished tyres long distances means shipping a container of
voids, and the economics push production close to the car plants and replacement
markets it serves. The modern majors are therefore not exporters but networks:
Michelin with plants on four continents, Bridgestone likewise, each regionalizing
production while centralizing the two things that travel well - compound recipes
and brand "°*°, The Tyrepress ranking's numbers show the result: Michelin and
Bridgestone neck and neck at around twenty-seven billion euros of group revenue
each, Goodyear at eighteen, with Continental's tyre operations folded into a wider
automotive group - and below them, rising, the second tier of Hankook, Pirelli,
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Sumitomo, Yokohama and the Chinese volume makers whose ascent is Chapter
13's subject =,

What a modern major actually is

It is worth pausing over what these companies have become, because "tyre
manufacturer" undersells the transformation. The modern major is, in roughly
equal parts, a materials-science house (compound and construction patents are
the deep moat), a process-engineering firm (the factory, not the recipe, is the
replicable asset), a brand retailer (the replacement market is bought by
consumers on reputation), an original-equipment partner embedded in vehicle
development years before launch, and increasingly a data company - the
connected-tyre and fleet-management businesses of Chapter 16 are the majors'
bid to own the tyre's information as well as its rubber **'', Michelin runs a map-
and-guide empire, a fine-dining rating system and a fleet-services business
alongside the factory network; Bridgestone owns retail chains; Continental is half
an electronics supplier. The product at the centre, meanwhile, has quietly become
one of the most engineered objects in ordinary life - two dozen materials, a dozen
sub-assemblies, tolerances of tenths of millimetres, sold for the price of a dinner
for two and warranted against the roads of the world. That gap between
engineering content and price is the industry's permanent condition, and it
explains both the consolidation and the constant hunt for the adjacent businesses
that a tyre can carry %%,
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PART FOUR - THE MACHINE AND THE MARKET

12

Racing, Flying, Digging
At the extremes of duty - 370 km/h on a circuit, 420 km/h onto a runway, 400 tonnes on a

mine road - the tire stops being a commodity and becomes one of the most engineered

objects in the world.
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he passenger car tire is the industry's volume, but not its frontier. The

frontier is where the loads, speeds and temperatures exceed anything the
road can impose, and three arenas define it: the racetrack, the runway and the off-
road giant. Each is a market in itself, small in units and rich in science, and each
has fed the mass product for a century - because racing and aviation and mining
are where a tire company learns what rubber can survive. The same logic that
sent Willie Hume onto pneumatic tyres at Queen's College in 1889 still operates:
the extreme case is the demonstration, and the demonstration becomes the
standard "%,

The racetrack laboratory

Motorsport and the tire grew up together. Pirelli's competition record begins with
the 1907 Peking-to-Paris raid, won by Prince Scipione Borghese's Itala on Pirelli
tires across two continents of mud and steppe “***’. Formula 1's early decades ran
on Dunlop, Englebert, Firestone, Continental and Goodyear rubber; Dunlop's R5
of 1958 announced the nylon age by cutting twelve pounds per tyre; Firestone
brought the slick to Formula 1 at the 1971 Spanish Grand Prix, deleting the tread
entirely in pursuit of maximum dry contact °**’. The 1990s saw the era's great tire
war, Bridgestone entering in 1997 against Goodyear, which withdrew after 1998;
grooved tires were mandated from 1998 to slow the cars, and the regulations
danced on - Michelin's withdrawal left Bridgestone as sole supplier from 2007,
slicks returned in 2009, and Pirelli took the sole supply from 2011 %%,

The modern Formula 1 tire is the most publicly engineered tire in existence. When
the championship moved from 13-inch to 18-inch wheels for 2022, Pirelli's
development programme - disclosed in its own figures - consumed more than
10,000 hours of indoor testing, more than 5,000 hours of simulation, more than 70
virtual prototypes, 30 physical specifications, and over 20,000 kilometres of track
testing with nearly every team “*. Each race weekend's allocation of compounds -
hard, medium, soft, intermediate, full wet - is a live experiment in the hysteresis
triangle of Chapter 10, run at 370 km/h in front of cameras. And the return path
to the road is explicit: Pirelli describes the 18-inch programme as deliberately
bringing F1 sizes and technology closer to road-car practice, where the lessons in
structure and compound migrate downward into the tires ordinary drivers buy
=42l Racing sells tires, as the industry's oldest slogan says; more precisely, racing
debugs them.

The thirty seconds of the runway
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An aircraft tire lives the opposite life to a car tire: months of rest punctuated by
seconds of extremity. Parked, it holds its share of hundreds of tonnes at pressures
that would terrify a motorist - aircraft tires run at high deflections of 32 to 35
percent and correspondingly high inflation pressures, per the FAA's maintenance
guidance "*'. At touchdown, it goes from zero to perhaps 420 km/h of wheel speed
in a fraction of a second, spinning up in a burst of smoke and heat; Michelin's
aircraft tire literature states the operating envelope plainly: loads up to 35 tonnes
on a single tire - some 300 times the tire's own mass - temperatures from -55°C to
+250°C on landing, landing speeds up to 420 km/h, more than 200 premium raw
materials in the construction, and testing to four times rated pressure °*°.
Michelin's figures put the collective duty in one line: aircraft tires land up to
30,000 times a day and carry more than 10 million people daily “*°’.

The aircraft tire also demonstrates the industry's most elegant economy: the
retread. An airliner tire's tread wears out long before its casing ages; the casing is
the expensive structure, the tread the sacrificial skin. So the industry re-skins it.
Bridgestone, which has retreaded aircraft tires since 1955 and runs four
retreading plants worldwide, gives the duty cycle: a main-wheel bias tire's tread
lasts about 200 takeoffs and landings, a radial's about 350; bias casings can be
retreaded up to six times and radials up to three, giving one casing a total life of
roughly 1,400 landings “*?’. Retreaded tires are not seconds; they must pass non-
destructive testing and meet the same standards as new **°, The same logic
operates in the truck fleet, where retreading is standard practice and the casing is
sold as a multi-life asset. In a world newly anxious about a billion end-of-life tires a
year *?J, the retread is the industry's oldest and most successful circular economy,
decades older than the phrase.

The giants

Then there are the tires that do not look like tires at all. The off-the-road (OTR)
segment serves mining, construction, ports and agriculture, and its flagship
products are the largest rubber objects ever manufactured: radial earthmover
tires standing four metres tall, weighing five tonnes apiece, fitted to haul trucks
that carry 400 tonnes of ore per trip. Michelin and Bridgestone contest this
summit with a handful of specialists, and the economics are unlike any other tire
business: the products are made in tens, not millions; each is a bespoke composite
of giant steel cables and tonnes of compound; failure is measured not in punctures
but in lost production at a mine that earns millions per day. At the segment's other
end, the agricultural tire has its own quiet revolution - the modern low-pressure,
high-flotation radial that lets a 300-horsepower tractor pull through a wet field
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without compacting the soil it is there to serve, a tire whose customer is partly the
crop itself.

Two smaller arenas complete the map. The motorcycle tire, a study in lean angles
and camber thrust, where the contact patch migrates up the sidewall's shoulder
as the bike banks - a geometry no car tire ever experiences, and a fiercely
competitive premium market. And the bicycle tire, the industry's birthplace,
reborn as a technology arena of its own: tubeless road tires, latex tubes, aramid
bead cords and graphene-doped compounds now serve the same racing public
that Willie Hume astonished in 1889 %, The wheel comes full circle. The
extremes are where the industry proves what is possible; the mainstream is where
it sells what is proven. It is time, at last, to count the business: who sells the
world's tires, to whom, at what price, and with what constraints. That is Chapter
13.

KEY FIGURES - THE RUNWAY TIRE

420 km/h - 35 t - 1,400 landings

landing speed, single-tire load and total service life across retreads for main-wheel aircraft tires (Michelin
aircraft tire literature; Bridgestone retreading data). [S40][S39]

The tractor's footprint

The agricultural tire carries a responsibility no other tire has: its performance is
measured partly in the health of the ground beneath it. A heavy tractor on narrow,
high-pressure tires compacts soil, and compacted soil yields less for years; the
industry's answer was the flotation radial - wide carcasses run at low pressures
that spread the machine's weight over a patch larger than any passenger tire's by
an order of magnitude, and modern VF (very-high-flexion) constructions that carry
the same load at still lower pressures. The farm tire is also the last major
stronghold of the bias-ply construction the radial revolution displaced: on slow
machines doing brutal work on stubble and stone, the bias tire's stiff, puncture-
tolerant sidewalls still earn their keep, and the farm segment is where a visitor
can still see the old architecture built new. In India, where agriculture supports
hundreds of millions and the tractor population is among the world's largest, the
farm tire is a mass market - and it is no accident that MRF's global specialty
position, noted in Chapter 13, is precisely here: second in the world in farm-tire
plant count “**. The tire that feeds the world is not the one on the delivery truck;
it is the one on the machine that prepares the field.
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Two wheels, leaning

The motorcycle tire completes the survey with a geometry lesson. A car tire
corners upright; a motorcycle tire corners leaned, and at full lean the contact
patch climbs out of the tread centre and onto the shoulder, so the whole profile of
the tire is a working surface. The consequences run through the design: round,
triangular profiles instead of flat crowns; compounds zoned across the width -
harder in the centre for highway life, softer at the shoulder for lean-angle grip;
and front-rear pairs engineered as a system, since the two ends of a motorcycle do
different jobs. The modern sport motorcycle tire, with its silica-rich shoulder
compounds and carcasses tuned to flex at lean, is among the most sophisticated
short-life rubber products made - and the segment's racing programmes, from
MotoGP to the Isle of Man, operate at lean angles and speeds that make Formula
1's demands look sedate. The industry that began on a bicycle in Belfast now
keeps its most extreme contact-patch science in the motorcycle paddock.

The giants of the mine

The largest pneumatic tyres on Earth do not run on roads. The earthmover and
mining class - the OTR, off-the-road, segment - tops out at tyres roughly four
metres tall and one and a half metres wide, weighing five tonnes apiece, carrying
a hundred tonnes of truck per corner at walking pace through rock that shreds
lesser casings in weeks. The physics is the pneumatic principle pushed to its
structural limit: the loads are beyond any belt's ability to bridge as a flat band, so
the great earthmovers still ride on bias-ply carcasses of dozens of plies, built
nearly by hand in small specialist plants, cured in moulds the size of rooms, and
managed in service like capital equipment - inspected daily, pressure-managed
against heat, rotated between wheel positions, retreaded where the casing
survives, and finally buried or burnt at the end because no recycling stream yet
digests five tonnes of rubber at a time. A giant OTR tyre costs as much as a luxury
car, is rationed in times of mining boom, and has a service life measured in
thousands of hours rather than tens of thousands of kilometres. The segment is
small in units - a rounding error beside the billion-tyre passenger market - but its
margins and its engineering difficulty make it the industry's apex niche,
dominated by the same handful of majors and a few specialists, and its economics
are those of a consumable for the world's largest machines 4?7,

The quiet majority: farms and two wheels
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Between the car and the mine lies the agricultural tyre, a branch with its own
physics. A tractor tyre's job is paradoxical: it must grip soil to transmit torque, yet
compact as little of that soil as possible, because compacted ground grows less
crop. The answer is the lugged, low-pressure, high-flotation tyre - the herringbone
tread bars biting in the rolling direction and shedding mud between the bars, the
wide carcass spreading weight - and its modern refinement, the flexing-sidewall
designs that run at pressures so low the footprint lengthens like a track. The
agricultural tyre is also where the pneumatic principle returns to its Thomson-era
purpose in pure form: not comfort or speed but traction and the protection of the
ground itself %, And then there are the two-wheelers, where the industry began.
The motorcycle tyre is the most demanding pneumatic in common use per gram of
rubber - it must grip leaned to angles a car never sees, on a contact patch the size
of a palm, at three hundred kilometres an hour in racing trim - and the bicycle
tyre, the pneumatic's first home, has become a sophisticated market of its own:
tubeless bead and sealant technologies descending from motor practice to the
road-racing and mountain-bike worlds, closing the loop that Smallman sketched in
1892 =°%,

The proving ground

Racing deserves one more look as the industry's laboratory, because the race
tyre's job description is the road tyre's with every constraint removed except one.
The race tyre is asked for nothing but grip: no mileage, no silence, no all-weather
ability, a life measured in tens of laps. Freed of those, it becomes a study in pure
hysteresis management - compounds so soft they are erasers, engineered to reach
their working temperature within a lap and to live in a window a few degrees
wide, managed by tyre-warming blankets whose temperatures the regulations cap
(seventy degrees for Pirelli's 2022 generation) “*), The Formula One tyre
programme's industrial scale shows what the proving ground costs: Pirelli's
development of the 18-inch generation consumed over ten thousand hours of
indoor testing, five thousand hours of simulation, more than seventy virtual
prototypes and thirty physical specifications logged over twenty thousand
kilometres of track testing - for a product used by twenty cars "“*’. The
justification is the technology transfer, and it is real and documented: the 18-inch
low-profile racing tyre of 2022 was designed explicitly to close the loop with road-
car fitments, so that the belt and compound lessons of the racetrack land in the
showroom two seasons later ******/, The sequence is as old as Willie Hume: race it
on Sunday, learn it on Monday, sell it forever %%,
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PART FOUR - THE MACHINE AND THE MARKET

13

The Business of Round

Two and a half billion tires a year, three hundred billion dollars, a handful of giants, a long
tail - and a raw-material chain that starts on a hillside and ends on a rim.

The replacement market moves in containers: a tire is made once and sold twice - first to the vehicle maker, then, several
times, to the vehicle's owners.
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A sk how big the tire industry is and you get three answers, depending on who
counts. Smithers, in its 2025 outlook, values the global tire market at about
$282 billion for 2025, on volume of roughly 2.6 billion units, with a forecast rise to
$367 billion and over 3.1 billion units by 2030 - growth of 5.4 percent a year by
value, labelled, as all such numbers should be, a forecast °**. MarketLine's profile
of the global tires and rubber market counts a broader basket and records 2024
revenues of $365.4 billion on 2,317.2 million units “*°. By mass, the scientific
literature's estimate for 2024 is about 23 million tonnes of tire production **°". The
honest summary: somewhere between a quarter and a third of a trillion dollars a
year, and roughly one tire sold every year for every three people alive. Whatever
the counting method, this is one of the largest manufacturing industries on the
planet - and it sells a product every customer hopes not to think about.

The two sales

Every tire is sold twice over its conceptual life: once as original equipment, fitted
to a new vehicle in the factory, and then again - several times - as a replacement,
when the first and subsequent sets wear out. The split matters because it is really
two different businesses wearing one name. The OE business is high-volume, low-
margin, technically intimate: tire makers compete for automaker fitments years
before a model launches, engineer to the carmaker's targets, and accept thin
pricing because an OE fitment is the most powerful marketing the replacement
market knows - owners overwhelmingly replace like with like. The replacement
business is where the margin lives: consumers and fleets buying through dealers,
chains and online channels, guided by brand, habit, price and the sidewall already
on the car. The geography of demand tracks the vehicle park more than vehicle
production: Asia-Pacific is the largest regional market at 38.8 percent of global
value in 2024, then North America at 29.6 percent and Europe at 21.6 percent, on
MarketLine's figures °*°,

The league table

The industry's ranking, by tire sales for 2024 as compiled by Tyrepress in June
2025, is led by two companies so close they are effectively tied at the summit:
Michelin at €27,193.0 million (of which 98.1 percent from tires) and Bridgestone
at €27,168.5 million (93.3 percent from tires). Goodyear follows at €18,171.1
million of pure tire revenue, with Continental the next giant - €39,719.0 million of
group sales across its broader automotive business “*°. Behind the famous four
runs a second tier of full-line makers - Sumitomo, Pirelli, Hankook, Yokohama -
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and behind them the phenomenon of the last quarter-century: the Chinese tire
industry, dozens of makers who rose on truck and budget passenger tires until
China became the largest producing nation, a scale achieved so fast that trade
policy - anti-dumping duties in the United States and Europe - has become a
permanent feature of the industry's map. Tariffs and their turbulence now shape
sourcing decisions as much as freight or labour cost, as Smithers' 2025 outlook

notes °?%,
Rank (2024 sales) Company Home Sales
1 Michelin Clermont-Ferrand, France €27.19 bn (98.1% tires)
2 Bridgestone Tokyo, Japan €27.17 bn (93.3% tires)
3 Goodyear Akron, USA €18.17 bn (100% tires)
4 Continental (group) Hanover, Germany €39.72 bn (group total)

Source: Tyrepress 2025 ranking of leading tyre manufacturers by FY2024 sales. [S26]

India deserves its own paragraph, and this series will return to it in the India layer
of the library. The Indian tyre industry is a X100,000-crore (about $12 billion)
business on the Automotive Tyre Manufacturers' Association's 2024-25 estimate,
with exports of about ¥25,000 crore ($3.2 billion), 28 companies and 62 plants ***,
Four Indian makers now sit in the global top twenty by CY2024 sales - MRF 13th,
Apollo 14th, JK Tyre 19th and CEAT 20th - with MRF holding unusual global
positions in niches: the world's largest racing-tire manufacturing footprint by
plant count and the second-largest in farm tires “**, The ATMA-PwC roadmap
projects, as a forecast, nearly a fourfold volume growth by 2047 ™**/. The two-
wheeler-dominated vehicle park makes India's mix unlike any other major market
- a country where the motorcycle tire is a mass product and the truck tire a
national artery.

The raw-material chain

Behind the league table runs the supply web this book has spent six chapters
building. Smithers estimates the industry consumed 57.2 million tonnes of raw
materials in 2025, forecast to reach 67.4 million tonnes by 2030 ***), The chain's
critical nodes: natural rubber from the plantation belt (Chapter 4); synthetic
rubber, carbon black and oils from the petrochemical system (Chapters 5 and 6);
cord and bead wire from the fibre and steel specialists (Chapter 7); and the
compounding chemicals from the fine-chemicals industry. Every node has its own
geography, its own cycle and its own politics, and the tire maker sits at their
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confluence, buying from all of them at once. The industry's gross margin is, to a
first approximation, the moving gap between rubber-and-oil prices and tire prices,
managed through procurement, hedging, and the slow lever of substitution
between natural and synthetic grades.

The bottlenecks deserve naming, because they are the industry's true strategic
map. First, the tree: natural rubber supply is constrained by biology - seven years
to a new tree, smallholder structure, leaf-blight risk, ageing plantations - and
heavy tires have no synthetic alternative “'*. Second, the molecule's fossil twin:
synthetic rubber and carbon black are hostage to oil and gas markets and to the
petrochemical industry's own capacity cycles. Third, geography and policy: the
concentration of natural rubber in a few tropical states, the concentration of low-
cost manufacturing in China and Southeast Asia, and the tariff walls rising around
both. Fourth, regulation: the gathering rules on chemicals (6PPD), emissions and
wear particles (Chapter 15) are becoming design constraints, not compliance
footnotes. And fifth, the oldest bottleneck of all: capital. Tire plants cost hundreds
of millions and take years; the industry's capacity decisions are bets placed far
ahead of demand, which is why every downturn finds it long on factories and
every boom finds it short on tires.

Dependence

It is worth ending the market chapter with the dependence question this series
always asks: how much does the world actually need this object? The answer is
total, and it is measurable. Modern economies run on road freight for the majority
of their goods movement; the ACS's analysis of tire additive pollution notes,
almost in passing, that motor vehicles use 36 million kilometres of road globally
and account for 82 and 86 percent of passenger vehicle-kilometres in the USA and
EU respectively °*°. Every one of those kilometres runs on pneumatic tires. There
is no substitute product in service at scale; the airless alternatives of Chapter 16
are prototypes on delivery vans. Human civilisation's daily functioning - food to
cities, workers to workplaces, patients to hospitals - presumes the continued
existence, manufacture and replacement of about 2.6 billion tires a year ***. Few
industries can say that. Fewer still can say it about a product their customers
actively resent buying. The tire is a grudge purchase on which the world rests.

The shelf and the screen

How a tire reaches a car is an industry of its own, and it has changed more in
twenty years than in the previous eighty. The traditional chain ran maker to
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distributor to corner tire shop, a relationship business of franchises, banners and
exclusive territories. Over it now lie three new layers. The first is the national and
international retail chain - the fitment centre with its own purchasing power,
private labels and loyalty programmes. The second is e-commerce: the tire was
supposed to be un-sellable online, since it needs fitting, and instead the market
split the transaction - buy on the screen, fit at a partner garage - and online share
of replacement sales has climbed steadily ever since, with marketplaces and
manufacturer-direct stores both growing. The third is the service contract: for
fleets, the tire is increasingly not sold but managed, leased per kilometre with
monitoring, maintenance and retreading bundled in - the tire as a subscription,
where the maker keeps ownership of the casing and sells the customer uptime.
Each layer moves margin and data toward whoever owns the customer
relationship, and the makers' response - buying retail chains, building fleet
platforms, shipping connected tires (Chapter 16) - is the commercial expression of
the same anxiety: in a business where products live for years and look identical,
the channel is the brand.

The two-wheeler majority

One segment of the market deserves more attention than it usually gets, because
by unit count it is quietly enormous: the two-wheeler tire. The world's motorised
majority does not drive cars; it rides motorcycles and scooters, across India,
Indonesia, Vietnam, Thailand, Brazil, Nigeria and the rest of the motorising South,
where a motorcycle is the family vehicle, the delivery fleet and the rural
ambulance in one. Hundreds of millions of two-wheelers consume tires in pairs, on
rough roads, often overloaded and under-inflated, and their replacement cycle is
shorter than any car's. The segment has its own product logic - toughness and
load margin over refinement, price points a fraction of a car tire's, distribution
through market-stall fitters rather than franchise chains - and its own competitive
map, in which the Indian and Chinese makers are volume powers and the
Japanese and European majors keep the premium tier. When ATMA counts India's
industry at 62 plants and roughly $12 billion of turnover, a large share of that is
the two-wheeler economy rolling ***. Any honest world map of the tire must say
plainly that the average tire sold on earth is fitted not to a car but to something
with fewer wheels - and that the industry's future volume growth is mostly written
in the two-wheeler countries.

The structure of the market
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A tyre is sold twice, and the two sales are different businesses. The original-
equipment sale - the tyre fitted at the car factory - is a design partnership years in
the making: the vehicle maker specifies targets for rolling resistance, noise, grip
and cost, the tyre maker develops a variant to meet them, and the prize is volume
at thin margins plus the halo of factory fitment. The replacement sale, made three
or four years later at a fitting bay, is where the industry earns its margin: the
buyer is a consumer, the currency is brand and trust, and the same casing that left
the factory as a commodity returns as a considered purchase. The market's
arithmetic follows. Because every vehicle eventually wears out its first set and
most wear out several, the replacement stream dwarfs the original-equipment
stream in the passenger market; and because a tyre's service life has lengthened
with every materials generation, the whole industry's volume rests ultimately on
the growth of the vehicle parc - the world's rolling stock of a billion and a half
vehicles - rather than on any shortening of the replacement cycle. The demand
numbers in Chapter 13's opening - roughly two and a half billion units a year in
the mid-2020s, whichever market scope one adopts - are, at bottom, a census of
wheels in motion ##15%,

The China turn

The largest change in the industry's geography since Akron's decline is the rise of
China from tyre importer to the world's largest producer and exporter,
accomplished in roughly twenty years. The mechanism was the now-familiar one:
domestic vehicle production exploding past twenty million units a year, a
protected home market that incubated dozens of makers, and then a cost-led
export wave into the world's replacement markets, particularly in the truck and
budget passenger segments. The response, equally familiar, was defensive: anti-
dumping duties and tariffs in the United States and the European Union pushed
the Chinese industry's new capacity outward into Thailand, Vietnam and other
third countries, and the trade map became a shell game of shifting origin labels -
the "tariff turbulence" that Smithers lists among the uncertainties of its 2030
outlook “?*. The structural fact beneath the trade skirmishes is that the industry's
centre of gravity now sits in Asia by every measure that matters: the region is the
largest market (nearly two-fifths of global value by MarketLine's accounting), the
largest production base, and - through Thailand, Indonesia, Vietnam, China and
India - the source of most of the natural rubber the industry runs on ******!, The
tyre began as a Scottish-Irish invention and a French-American industry; it is now,
in tonnage and trajectory, an Asian one, with the design leadership still held, for
the moment, by the old names **°.
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India's tyre economy in detail

India's position in that new geography is singular, and worth setting out plainly.
The country is simultaneously a top-six natural rubber producer - 876,000 tonnes
in 2024 by the FAO-derived figures, almost all of it in Kerala and the northeast - a
major tyre manufacturing base, and one of the fastest-growing vehicle markets on
earth °’', Its industry structure reflects its roads: unlike the West, India's volumes
lean heavily toward trucks and two-wheelers, the workhorses of its freight and
mobility; the bias truck tyre, extinct in Europe, remained a live product category
in India well into the radial era, and the radialization of the truck fleet is the
industry's ongoing modernization story. The majors of the domestic industry -
MRE, Apollo, JK, CEAT - have grown from import-substitution licensees into
exporters ranked among the world's top twenty °*!, with MRF's network of plants
making it one of the few developing-market makers to hold its own against the
globals at home. And the industry's forward projections are among the most
aggressive in the world: the ATMA-PwC 'Viksit Bharat 2047' study projects, as a
forecast, a fourfold growth in volumes and a roughly thirteen-lakh-crore-rupee
revenue base by 2047, riding vehicle-parc growth, road building and radialization
5%, Forecasts are forecasts; but if any national industry is positioned to repeat
China's trajectory, it is the one that already grows the rubber, builds the trucks
and rides the two-wheelers =**1%%),

The cost of a tire, decomposed

It is worth decomposing the retail price of an ordinary passenger tire, because the
decomposition is a map of everything in this book. The largest slice is materials -
roughly half the manufacturing cost, dominated by the rubbers, the carbon black
and silica, the steel and cord of Chapters 4 through 7, all of them commodities
whose prices swing with oil, harvests and freight “'*"***/, Energy and factory
overhead take the next slice - tire plants are heavy, heat-hungry, round-the-clock
operations, and Chapter 9's curing presses alone account for a notable share of a
plant's energy bill. Labour is significant but falling as building and handling
automate; logistics is larger than the outsider expects, because the product is
bulky and mostly air, and shipping voids is expensive - one reason production
clusters near markets. Research and development, marketing and brand,
distribution margins and the fitter's labour take the remainder, and the
manufacturer's net margin on an ordinary passenger tire, in a normal year, is a
few percent - a commodity margin on a high-technology object. This is the
economic truth beneath the industry's structure: only scale, brand premium in the
replacement market, and the specialty niches - the aircraft, mining and racing
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tires of Chapter 12 - offer relief from the arithmetic °*°***), The tire business is a
hard way to turn fifty-seven million tonnes a year of raw material into a modest
profit, and only a handful of companies on earth have learned to do it consistently
well =2,
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PART FIVE - THE RECKONING

14

Where Tires Go

A billion tires a year leave service. The same indestructibility that makes the product makes
the problem.

The stockpile landscape: vulcanization's permanence, accumulated.
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E very virtue this book has praised in the tire - durability, chemical stability,
the indestructible cross-linked network that vulcanization creates - becomes
a vice at the moment the product is finished. A tire cannot be melted and recast
like steel or glass; the cure is irreversible. It resists water, ozone, heat, oils and
time itself. Buried, it does not meaningfully decay. Burned carelessly, it makes
toxic smoke. Stockpiled, it breeds mosquitoes and, on occasion, catches fire in
blazes that burn for months and announce themselves on weather radar. The
World Business Council for Sustainable Development's estimate is the standing
figure for the problem's scale: about one billion tires reach the end of their useful
lives every year, and an estimated four billion more sit in landfills and stockpiles
worldwide *?”!. The developed world alone discards roughly one passenger tire per
person per year “?”), The tire industry makes one of the world's most durable
objects at a rate of billions, and then has to answer for every one of them, forever.

The stockpile decades

For most of the twentieth century, the answer was a hole, a heap or a hollow. End-
of-life tires were landfilled, dumped in ravines and quarries, sunk as artificial reefs
(a well-meant marine experiment that mostly failed), or simply piled. Whole
landscapes of the industrial West acquired unofficial tire mountains. The fires are
the period's punctuation marks: tire piles store immense energy and, once alight,
are nearly inextinguishable, burning with oily smoke and leaking pyrolytic oils
into soil and water. The regulatory response came in waves from the 1980s
onward: landfill bans and restrictions across Europe, Japan and most American
states, licensing of haulers and processors, and eventually the producer-
responsibility principle - the rule, now standard in the EU and spreading globally,
that the maker or seller of a tire is financially responsible for its end of life. The
WBCSD reports the result for the early regulated regions: recovery rates above 84
percent for Europe, the United States and Japan "“°’’. The flows those rates
describe, however, deserve honest inspection, because "recovered" covers
everything from retreading to burning.

The hierarchy of second lives

The honest way to rank a tire's afterlife is by how much of the original object's
value survives. At the top stands reuse: the retread, which keeps the casing - most
of the tire's embodied energy and material - in service for another life, and, as
Chapter 12 showed, can extend an aircraft tire across roughly 1,400 landings **“'.
Retreading is standard in aviation and trucking, negligible in passenger cars,
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where cheap imports and cosmetic expectations Kkilled it. Next is material
recycling: shredding and granulating the tire into crumb rubber and steel,
liberating the materials without reversing the chemistry. Crumb rubber goes into
playground and athletic surfaces, asphalt modification (rubberised roads, an old
and genuinely successful use), moulded products, and civil engineering fill. Below
that sits energy recovery: tire-derived fuel, burned in cement kilns, power stations
and pulp mills, where the tire's high calorific value - comparable to good coal -
substitutes for fossil fuel. The WBCSD notes the genuine merits: ELT fuel can
displace coal and may reduce certain emissions in well-controlled kilns **, At the
bottom sits the stockpile and the dump, still the destination of a large share of the
world's tires wherever regulation has not arrived or cannot be enforced.

The chemical route: pyrolysis

The newest serious contender is the oldest industrial instinct: heat the waste in
the absence of air and take it apart. Pyrolysis of end-of-life tires yields three
products: an oil (usable as fuel or, upgraded, as a petrochemical feedstock), a gas
(burned to power the process), and a solid char - recovered carbon black, the
industry's bid to close the loop on the material of Chapter 6. The attraction is
obvious: pyrolysis is the only route that converts a tire back into raw materials of
industrial value rather than downcycled bulk or smoke. The difficulties are equally
real: the char is contaminated with ash, zinc and sulphur compared to virgin
furnace black; the oil is chemically wild; and the economics live and die on scale
and on the price of the virgin materials being replaced. Commercial pyrolysis
plants now operate in Europe, Asia and North America, with the tire majors
investing and signing offtake agreements, and recovered carbon black is
beginning to qualify into new-tire compounds in modest percentages. The loop is
not closed, but it is, for the first time, visibly closing.

The geography of the afterlife

End-of-life tires obey the same geography as everything else in this book: they
flow toward the least regulation. The developed world's tire mountains shrank not
only because recovery rose but because used tires are an export commodity -
shipped as "part-worn" tires or as waste to markets in Africa, the Middle East and
South Asia, where the demand for cheap rubber meets minimal end-of-life law.
Part-worn exports extend product life and supply poor motorists, which is real
value; they also relocate the stockpile problem to places least equipped to manage
it, which is real cost. India's own position is instructive: a vast two-wheeler and
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truck parc, a retreading culture that never died, a growing waste-tire pyrolysis
sector, and regulation still catching up with volume. The WBCSD's headline
recovery figure - the 84 percent of Europe, America and Japan - is the best case,
not the world case ?”’. Globally, a large fraction of the billion annual end-of-life
tires still ends nowhere anyone would choose.

The accounting

Where does that leave the ledger? The industry's own summary is fair: recovery
rates in the regulated world are high and rising; material science has opened
routes from waste back to raw material; and the retread quietly prevents millions
of tires from needing to exist *?/**°, But the physics is unforgiving. A tire is
designed - legally, commercially, morally - to survive anything the road can do to
it, and the road can do a great deal. The same design brief guarantees that the
object outlasts its welcome by centuries. And as the next chapter shows, even the
tires that never reach a stockpile are not entirely with us: every tire on every road
is slowly abrading into the environment, gram by gram, kilometre by kilometre.
The stockpile is the visible waste. The invisible waste is already everywhere.

KEY FIGURES - THE END OF THE ROAD

1 billion / year

tires reaching end of life annually, with ~4 billion already in landfills and stockpiles; recovery above 84%
only in Europe, the US and Japan (WBCSD). [S27]

The reef that was not

One episode deserves remembering as a lesson in good intentions. In the early
1970s, with stockpiles growing and dumping under attack, American operators
conceived artificial reefs: tires bundled and sunk offshore to build fish habitat. The
largest, off Fort Lauderdale, Florida, took some two million tires. The biological
premise failed - marine life largely declined to colonise rubber - and the
engineering failed worse: the bundles broke apart, storms scattered loose tires
across the bottom and onto living reef structure, and the site became a slow-
motion underwater dump that later required a costly, years-long military-assisted
cleanup. The tire reef is the parable of the disposal mindset: it treated the ocean
as a place where a permanent object could be hidden rather than a system into
which a permanent object is introduced. Every honest afterlife route since -
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retread, crumb, fuel, pyrolysis - begins from the opposite premise: the tire never
goes away; it only changes form, so the form must be chosen.

The hierarchy of second lives

What should happen to a billion worn tyres a year is, in principle, settled; the
WBCSD's industry report lays out the hierarchy, and the interesting part is how

>271 At the top sits the highest-value fate: reuse of the casing.

far reality lags it !
Retreading - stripping the worn tread from a sound casing and vulcanizing a new
one on - is recycling of the most elegant kind, because the casing is the tyre:
roughly three-quarters of its material value and most of its embedded energy live
in the structure, not the tread it sheds. Aviation has made retreading an exact
science - Bridgestone's fleet practice accepts a bias aircraft casing through as
many as six retread cycles, a radial through three, adding up to some 1,400
landings per casing, each retread inspected by non-destructive testing before the
mould “**". Trucking follows the same logic at road scale, and the retreaded truck
tyre is standard practice in every fleet that counts its costs. The passenger tyre,
built cheap and sold to owners who never see the bill for disposal, retreads rarely

- a market failure dressed as a technical one.

Below retreading, the material streams cascade down in value. Whole tyres go
into civil engineering - lightweight fill, breakwaters, drainage layers - applications
that use the tyre's shape and resilience but no chemistry. Shredded, they become
tyre-derived fuel: a tyre is, in energy terms, a barrel-shaped lump of high-grade
coal with better calorific value, and cement kilns in particular burn them by the
million, the steel bead and belt wire even serving as iron feedstock to the clinker -
a genuinely tidy symbiosis, and the single largest sink for scrap tyres in several
major markets. Ground to crumb - ambient grinding or cryogenic, frozen and
shattered - the rubber becomes playground surfaces, athletic tracks, moulded
mats and, most significantly, rubberized asphalt: a measurable slice of some
countries' road programmes now runs on roads that have eaten tyres, with real
gains in durability and noise *?’!. At the bottom sit the stockpile and the landfill -
the four billion tyres the WBCSD estimates are sitting in dumps worldwide, a
standing inventory of fire risk and mosquito habitat that the recovery systems of
the EU, US and Japan, each now recovering over eighty-four percent of arisings,
exist to drain **7'.

Pyrolysis and the dream of the loop
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The grail of the end-of-life business is to turn the tyre back into its ingredients,
and the technology with a century of false dawns behind it is pyrolysis: heating
shredded tyres in the absence of oxygen until the rubber polymers crack back into
oil and gas, leaving a solid char of carbon black and mineral ash, with the steel
wire recovered clean. The products map temptingly onto the inputs - oil to fuel or
feedstock, gas to power the reactor itself, char toward new carbon black - and the
energy balance closes, in principle, within the plant's own fence. The obstacles
have never been the reactor but the outputs: the oil is a complex, sulphur-bearing
mixture needing refining; the char, contaminated with ash and carbonaceous
residue from the cracking itself, has historically been too dirty for the tightly
specified furnace blacks the tyre industry buys, so the loop leaked value at the
point where it should have closed “'°. The current wave of pyrolysis ventures -
several now at commercial scale, some with tyre majors as partners or customers
- is attacking exactly that point, with upgraded char processing aiming at
genuinely tire-grade recovered carbon black. If the loop ever closes at scale, the
arithmetic is striking: a tyre is about a quarter carbon black by mass “'*, and a
billion end-of-life tyres a year would hold several million tonnes of it. The
industry's sustainable-materials commitments, described in Chapter 16, have
made the buyer side of that market exist for the first time; the technology now has
to earn its specification sheet *?”,

The stockpile fires

No account of the tire's afterlife is complete without the fires, because they taught
the modern disposal regime its caution. A tyre stockpile is a peculiar hazard:
millions of tonnes of high-calorific material, arranged by its own geometry into
chimneys - each tyre a torus of trapped air feeding combustion - practically
impossible to smother once alight. The great pile fires of the 1980s and 1990s, in
North America and Europe, burned for weeks and months, melting steel bead wire
into rivers of slag and sending pyrolytic oil into groundwater; fire services learned
that water in ordinary quantities barely reaches the heart of a burning pile, and
that the only real tactics are excavation, separation and time. Those images -
black columns visible for counties - did more than any report to build the political
case for the collection and recovery regimes that now exist across the developed
world, and they explain why the four billion tyres the WBCSD estimates still sit in
stockpiles and dumps worldwide are treated by regulators as an inventory of
liability rather than an inventory of material **”. The recovery figures the same
report cites - above eighty-four percent in the European Union, the United States
and Japan - are the result, built largely on extended producer responsibility: the
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principle, spreading now through the emerging markets where tomorrow's billion-
tyre waste stream is being created, that the maker's duty does not end at the
fitting bay "**’". Chapter 15 takes up what recovery cannot catch: the portion of
every tyre that never reaches an end-of-life stream at all, because it has already
left, gram by gram, along the road.
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PART FIVE - THE RECKONING

15

The Slow Abrasion

A tire's gravest environmental legacy is not the pile it joins at death but the dust it sheds all
its life.
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here is a quieter subtraction happening under every vehicle on earth, and it

never makes the odometer. As a tire rolls, the road sands it down. Tread
blocks flex, scrub and tear at microscopic scale; the contact patch's grip, the very
mechanism of Chapter 10, is paid for in abraded rubber. Over its service life of
roughly four to six years, a tire loses about 10 to 20 percent of its mass to the
road °*°, Multiplied across the world's fleets, the scientific estimate for two
regions alone is sobering: approximately 1,120,000 tonnes of tire wear particles a
year in the United States and 1,327,000 tonnes a year in the European Union %,
This dust - a mixture of rubber compounds, road minerals and brake and surface
debris - is a substantial and, until recently, almost unexamined flow of material
into soil, air and water. The tire's true waste stream is not the billion tires a year
we can count. It is the millions of tonnes we cannot see.

Where the particles go

Tire wear particles behave like no other pollutant stream: they are generated
everywhere roads exist, in proportion to traffic, weight and driving style, and they
travel on three pathways. The largest particles settle at the roadside and work
into soil. The finest become airborne - a measurable fraction of urban particulate
matter, inhaled like any other dust. And the rain moves the rest: stormwater
sweeps road deposits into drains, streams and rivers, carrying the tire's chemistry
into aquatic systems. The ACS Environmental Science & Technology Letters
analysis that anchors this chapter's figures makes the comparison that stops the
reader: the roughly 185,000 tonnes (US) and 225,000 tonnes (EU) of tire additives
and fillers dispersed annually to the environment are of the same order as the
approximately 500,000 tonnes of pesticides emitted in the US each year - a class
of chemicals the world regulates intensely - while tire additives have no
comparable management framework at all **°’. The paper's proposed remedy is a
full management framework for tire additive pollution: mandatory non-hazardous
alternatives, life-cycle accounting, transparency of tire composition, and
international harmonisation **°'.

The salmon and the antiozonant

One chemical has forced the issue. For more than six decades, tires have carried
6PPD, an antiozonant without which rubber cracks under atmospheric ozone; it is
one of the small-percentage, load-bearing ingredients of Chapter 6's recipe **%.
The problem is what 6PPD becomes. Reacting with ozone - the very reaction it is
there to absorb - it transforms into 6PPD-quinone, and that transformation
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product, washed off roads by rain, turned out to be lethal to coho salmon at
extraordinarily low concentrations. Research in the Pacific Northwest found
stormwater concentrations of 6PPD-quinone capable of killing coho after only a
few hours of exposure; the reported LC50 values for the species run to tens of
nanograms per litre ©?*'**°/_ Urban runoff mortality syndrome - the phenomenon of
coho dying before spawning in urbanised streams, documented by puzzled
fisheries scientists for years - had found its most probable cause, and the cause
was a tire additive.

The regulatory machinery has engaged. In August 2023, three Pacific Northwest
tribes - the Yurok, the Port Gamble S'Klallam and the Puyallup - petitioned the
United States Environmental Protection Agency to prohibit 6PPD in tires under
the Toxic Substances Control Act; the EPA granted the petition in November 2023
and issued an advance notice of proposed rulemaking to gather information on
both 6PPD and its quinone “**. The industry's position is genuinely difficult: there
is today no drop-in replacement that matches 6PPD's protection, and a tire that
cracks is a safety failure. The chemical that has guarded drivers for sixty years
may be poisoning salmon; removing it carelessly trades an ecological harm for a
road-safety one. Europe, meanwhile, has gone after the particles themselves: the
Euro 7 regulation brings tire abrasion - not only exhaust - into the wvehicle
emissions framework, a world first, obliging the industry to measure and then
reduce what its products shed. The tire, for a century and a half a mechanical
product, has become a regulated chemical emitter.

The microplastic reckoning

Tire wear particles are also, by any reasonable classification, microplastics - and
by several estimates the largest single source of microplastic pollution in the
environment. The synthetic rubber fractions of the dust do not biodegrade; the
particles accumulate in sediments, enter food webs, and have been detected from
urban rivers to remote ocean gyres to Arctic snow. The science here is young, and
this book will not pretend otherwise: the measurement methods are still being
standardised, the health evidence is still forming, and the honest summary is that
a material flow of millions of tonnes a year has been running for decades with
almost no monitoring “?°. What can be said firmly is the direction of travel. Tire
wear has moved, in about five years, from an academic niche to a named concern
of the EPA, the European Commission and the tire industry itself - whose
manufacturers now fund joint research programmes on wear particles and
alternative antioxidants, and whose next generation of compounds will be
designed, for the first time, with the dust in mind.

115



The heavier the vehicle, the heavier the dust

One finding of the emerging science lands directly on the industry's growth story:
wear scales with vehicle weight and driving style. Heavier vehicles shed more per
kilometre - and the electric transition, whatever its exhaust benefits, tends to add
battery mass and instant torque, both of which load the tire harder. Michelin's EV
tire guidance itself lists weight, instant torque and noise as the three engineering
challenges of the electric tire °**. The industry thus faces a compound demand it
cannot dodge: make tires that roll with less resistance (to save energy), grip as
well as ever (to stay safe), shed less mass (to cut particles), carry more weight (for
electrified fleets), and reformulate away from sixty years of protective chemistry
(to spare the salmon) - simultaneously, and without price leaving the mass market.
That is the actual engineering brief of the 2020s. It frames everything in the final
chapter: the materials, machines and business models now being built to answer
it.

KEY FIGURES - THE DUST

1.1-1.3 Mt / year

tire wear particles shed annually in the US and EU respectively; a tire loses 10-20% of its mass over a 4-6
year life (ACS ESTL analysis, 2025). [S29]

Euro 7: the exhaust rule reaches the tire

The regulatory turning point deserves its own marker. Every vehicle emissions
standard since the 1960s has regulated what comes out of the tailpipe; the
electric transition threatens to make that framework irrelevant, since an EV has
no tailpipe. Euro 7, the European Union's seventh-stage vehicle emissions
regulation, breaks the pattern: it is the first in the world to regulate what comes
off the tires and brakes, setting abrasion limits for tires alongside the traditional
exhaust rules. The significance is structural. Tire wear stops being an externalised
side effect and becomes a certified performance property - measured on standard
cycles, capped by class, and priced into product development the way CO2
already is. Test methods are being built to compare abrasion across designs; the
label of the future will likely carry a wear grade beside its fuel, grip and noise
grades; and the compound and tread decisions of Chapters 6 and 10 now have a
legal variable where there used to be only a market one. The rest of the world is
watching: Japan, South Korea, China and California have all tracked the European
process, and the global industry, which sells one product into every jurisdiction,
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will effectively design to the strictest one. For the first time since the tread-depth
laws of the twentieth century, the state is telling the tire industry not just how safe
its product must be, but how much of itself it is allowed to leave on the road.

The chemistry that saved the tyre and struck the salmon

The 6PPD story deserves to be told carefully, because it is neither a scandal of
negligence nor a false alarm, but something more instructive: an unintended
consequence running at planetary scale, discovered late, by accident, in a
molecule that had done its intended job superbly for sixty years. 6PPD is an
antiozonant. Ozone attacks rubber's double bonds, and a tyre's sidewall, flexing in
open air, is a standing invitation; unprotected, a tyre cracks at the flex points
within a season or two, and cracking sidewalls kill people. Since the 1960s the
industry has blended 6PPD into sidewall and tread compounds to intercept ozone
before it bites, and the tyre's modern durability is partly built on it - the EPA's
rulemaking docket notes the chemical has been used in tires for more than six
decades “*’*, What no one knew - what no one thought to ask - was what 6PPD
becomes. On the tyre's surface, doing its job, it reacts with ozone; and one of the
reaction products, now known as 6PPD-quinone, washes off the road with the rain.

The discovery came from a mystery in Seattle. For years, coho salmon returning
to urban creeks of the Pacific Northwest had been dying before spawning -
gaping, disoriented, dead within hours of the rains that washed the roads - and
the syndrome tracked urbanization so precisely that researchers suspected the
road itself. Years of forensic water chemistry, published in 2020, isolated the
killer: 6PPD-quinone, at concentrations measured in nanograms per litre. The
lethal concentration for coho, established in the toxicology literature the ACS
framework paper surveys, sits around 41 to 95 nanograms per litre - among the
most acutely toxic substances known to any fish, and a specificity that still puzzles
the science: coho die within hours of exposure, while their close relatives among
the salmonids swim through the same water apparently unharmed “*°’. The policy
machinery moved with unusual speed once the mechanism was named: in August
2023 the Yurok, Port Gamble S'Klallam and Puyallup tribes petitioned the EPA to
regulate 6PPD under the Toxic Substances Control Act; in November 2023 the
EPA granted the petition and opened an advance notice of proposed rulemaking -
the first step of the long federal road toward restricting a chemical present in
essentially every tyre on Earth °*%,

The particle problem, sized
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The quinone is the sharp end of a blunter, larger question: tyre wear itself. A tyre
converts itself, in service, into particles - tread rubber mixed with road material,
abraded away at every corner, brake and launch - and the quantities are those of a
bulk industry in reverse. The ACS framework paper's accounting, which the
book's Part Five uses, puts tyre wear particles at roughly 1.12 million tonnes a
year in the United States and 1.33 million in the European Union, carrying with
them on the order of 185,000 and 225,000 tonnes a year respectively of the
additives and fillers the tread was built from - a diffuse chemical release that
exceeds, by mass, half of all US pesticide use, distributed not by sprayers but by
the ordinary act of driving along the world's thirty-six million kilometres of roads
5291 Where the particles go is an active research frontier: the heavy fraction
settles in roadside soils, the fine fraction becomes airborne as brake-and-tyre non-
exhaust particulate - now the dominant source of vehicle particle emissions in
cities that have cleaned their exhausts - and the washable fraction runs to the
streams, where it meets the coho %,

The regulatory response is forming on two tracks. On the tyre itself, the European
Union's Euro 7 rules extend vehicle emissions law for the first time beyond the
tailpipe to the tyre, setting limits for tread abrasion - the UNECE's implementing
limits for new car and van tyres apply from mid-2028 - and creating, in effect, a
regulated maximum wear rate °°’’ - a change that reaches into compound design,
because abrasion and grip and rolling resistance are the three corners of the
trade the compounder is paid to balance. On the chemical side, the 6PPD question
is forcing the hardest kind of industrial decision: whether a protective chemical
can be restricted before its replacement is proven, when the protected function is
crash safety. The framework paper's proposal - a modest, hypothecated fee on
tyres, on the order of cents to a few dollars per tyre, funding monitoring, capture
and substitution research - is the market mechanism on the table, and its logic is
this book's logic: the tyre's price has never yet been made to carry the tyre's full
cost °*°!, The electric transition sharpens every number in this chapter - heavier
vehicles, instant torque, more wear - which is why Part Five ends not with the
tyre's past but with its redesign %',
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PART FIVE - THE RECKONING

16

What Comes After Air

The industry that began by putting air into wheels is now seriously trying to take it out -
while rebuilding everything else about the object at the same time.

The non-pneumatic concept: a structure, not a balloon.
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his book began with a claim: that the working element of the tire is air, and

everything else is packaging. The final question writes itself. Can the
packaging do the air's job? The idea is as old as the industry - every flat tire ever
changed in the rain is an argument for it - and for a century it failed on the same
rocks: solid and cellular substitutes were too heavy, too stiff, too hot-running, too
expensive, or all four. What is different now is that the world's largest tire
company has put an airless tire on public roads, in real service, and is publishing
what it learns. The pneumatic principle is facing its first credible challenger since
1845.

Uptis and the airless attempt

Michelin's Uptis - the Unique Puncture-proof Tire System - replaces the
pressurised cavity with a load-bearing structure: an aluminium wheel carrying a
lattice of glass-fibre-reinforced plastic spokes, tuned to flex like an air spring
without containing any air at all. The concept is protected by more than fifty
patents on structure and materials “*'. The company has chosen its test bed
shrewdly: last-mile delivery fleets, the duty cycle from hell - constant stops, kerb
strikes, broken surfaces - where punctures cost money daily. In 2023 Michelin
signed partnerships with DHL in Singapore and La Poste in France to run Uptis
prototypes in real service; by the end of 2023 the prototypes had covered more
than 4.5 million kilometres, and Michelin describes Uptis as the only airless
solution operating on open roads in real-world conditions "***. The trials were
scheduled to conclude at the end of 2025, with full assessments to follow “*°’,

Michelin's own engineers, speaking to Tire Technology International in September
2025, are admirably frank about what remains hard. Load capability is the known
limitation: Uptis cannot yet carry the loads that modern tire sizes demand, and
adding strength without adding mass is unsolved. Regulation is unsettled - the
world's type-approval systems are written around pneumatic tires. And
manufacturing would have to be reinvented: "Going airless is a big revolution
because it's so different from making a tire," as Michelin's engineers put it -
different machines, different industrialisation °*°'. The honest reading: the airless
tire is real, it works, and it is not yet a replacement for the general tire. It is
where the detachable tire was in 1891 - proven in the race, impractical in the
workshop. Others are pursuing the same summit: Bridgestone and Hankook have
shown airless concepts, and the American military is funding development for
light tactical vehicles, where a tire that cannot be shot flat has obvious value,
through the National Center for Manufacturing Sciences' airless program with
Michelin's participation “**. Michelin's longer-term VISION concept goes further
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still - airless, connected, made of sustainable materials, and with a renewable
tread that can be re-printed instead of replaced **’.

The electric demand

Whatever the tire's insides are made of, its outside is being renegotiated by
electrification. The electric vehicle changes three boundary conditions at once,
and Michelin's own EV guidance lists them exactly: weight, torque and noise ***',
Battery packs add hundreds of kilograms, pushing tires toward higher load
ratings. Instant electric torque hammers tread compounds with acceleration
forces a combustion drivetrain never delivers so abruptly. And the silence of the
electric powertrain unmakes a century of acoustic cover: tire noise, once masked
by the engine, is now the dominant sound in the cabin, and tread patterns must be
tuned for quiet at a level never before demanded “**. Add the fourth demand -
rolling resistance, which in an EV translates directly into range, the number the
customer actually buys - and the EV tire is a genuinely new product category, not
a marketing badge. Every major maker now ships EV-specific lines, and the
segment is the fastest-growing premium category in the replacement market. The
industry's next platform shift, in other words, is already in the showrooms, not the
laboratories.

The sensing tire

The third frontier is information. The tire has been a deaf component for 135
years: it knew nothing, reported nothing, and failed without warning. That is
ending. Tire pressure monitoring, mandated in the United States by the TREAD
Act of 2000 after the Firestone-Ford crisis taught regulators the cost of under-
inflation - the rulemaking history runs from the Act's Section 13 through litigation
to the final FMVSS 138 standard **”' - put a pressure sensor in every wheel. The
next generation goes much further: sensors inside the tire itself, reading not just
pressure but temperature, load, wear state and even road condition, streaming to
the vehicle and the fleet operator. Goodyear's SightLine programme describes the
ambition as tire intelligence: identifying problems before they become visible,
communicating tire health and eventually road conditions to drivers, vehicles,
operators and municipalities *°". For autonomous vehicles, which cannot feel a
soft tire the way a human driver can, the sensing tire is not a luxury; it is a
prerequisite. The black ring is becoming a networked instrument - the last major
component of the vehicle to join its data bus.
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The materials of the second century

And beneath all three frontiers runs the material question, reopened. The
industry's first century was built on a tropical tree and a refinery. The second is
looking for insurance against both. Alternative natural-rubber crops are furthest
along: guayule, a desert shrub of the American Southwest and Mexico, and
Taraxacum kok-saghyz, the Russian dandelion, both yield latex chemically
comparable to Hevea's, and both can grow on temperate, non-tropical farmland.
Researchers at Ohio State, reporting in 2024, have been improving latex
extraction yields from both species, driven by precisely the fragility Chapter 4
recorded: disease pressure on Southeast Asian plantations, the 10 percent of
world supply lost to disease in 2019, and the risk that South American leaf blight
will one day ride a direct flight from Brazil to China “*°'. Bridgestone has run a
guayule research farm in Arizona for years; Continental has produced test tires on
dandelion rubber. Neither crop yet competes on cost with the tree **°,

The other half of the recipe is being rebuilt too: recovered carbon black from
pyrolysis (Chapter 14), bio-based oils and resins, recycled steel cord, rice-husk
silica, and compounds engineered for the wear-particle and 6PPD constraints of
Chapter 15. The tire makers' public commitments now read like a materials-
science syllabus: Michelin has stated ambitions for fully sustainable-material tires
by mid-century, and every major competitor has published its own roadmap. These
are targets, not achievements, and this book marks them as such. But the
direction is structural, not cosmetic: the same industry that turned soot into a
technology is now trying to turn its own waste back into feedstock, its chemistry
back into safety, and its air back into structure. The pneumatic tire of 2150, if the
object still exists in something like its present role, will be recognisable the way a
smartphone is recognisable to a telephone engineer of 1970 - same job, different
physics underneath.

Which returns us to the spring of air. The challengers are real, the money is
serious, the prototypes are on the road. And still the bet of this book, stated
openly: the imprisoned atmosphere survives. It survives because it is free,
weightless, tunable with a valve, and because 135 years of materials science have
made its container extraordinarily good. The airless tire will win where punctures
cost more than performance - fleets, robots, soldiers, machines that work far from
help. The air tire will keep the highway, the runway and the racetrack for a long
while yet. Either way, the story this book has told does not end; it mutates. The
object that began as a vet's sailcloth tube has already outlived the bicycle boom,
the company towns, two world wars and the industry structures that made it. It
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will outlive, in all probability, the writing of this book. The epilogue asks what that
persistence is for.

The driverless fleet and the tire

Autonomy reframes the tire's service model even more than its engineering. A
self-driving vehicle has no human ear for a flapping tread, no hand to feel a
vibration, no instinct for the soft corner that means low pressure; the sensing tire
becomes part of the vehicle's nervous system or the vehicle does not drive. And
the robotaxi duty cycle - near-continuous urban operation, brutal kerb strikes, no
owner to inspect - pushes toward exactly the airless and monitored constructions
this chapter describes: a fleet that cannot afford a flat is the airless tire's first true
market. The same logic is arriving underground and at the warehouse:
autonomous mining trucks and port tractors already run duty cycles no human
driver would tolerate, on tires monitored by the vehicle itself. The tire's future is
thus entangled with the vehicle's future in a way it has not been since the Model
T: as the driver leaves the cabin, the component that touches the road must learn
to speak for itself. A century and a half after Thomson's aerial wheel, the ring of
rubber is becoming a sensor, a subscription, a data stream - and still, underneath
everything, a bag of air doing work.

The airless question, honestly

The puncture is the pneumatic tyre's founding flaw, and the dream of deleting it is
as old as the tyre - every decade of this book has its airless patent sketches, from
spring-steel loops to solid cellular elastomers. What is different now is that one
programme has reached public roads with paying users. Michelin's Uptis - a resin-
and-glass-fibre load-bearing structure on an aluminium wheel, sheathed in a tread
- passed from show stands to fleet trial: by the company's account, more than fifty
patents deep, the only airless solution in open-road real-world use, run with La
Poste in France and DHL in Singapore and past four and a half million
accumulated test kilometres by the end of 2023 ™Y, The honest ledger, as
Michelin's own engineers state it, still has entries on both sides. In favour: no
punctures, no pressure maintenance, no pressure-related failures - in fleet
operations, where tyre checks are a labour line and a stranded van is a failed
route, these are worth money. Against: load capability, the known limitation the
company states plainly; the engineering of lateral compliance, since the structure
must flex sideways as air does to keep the contact patch honest in corners;
manufacturing - "going airless is a big revolution because it's so different from
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making a tire", as the development lead told Tire Technology International,
meaning the industry's billion-tyre production base cannot be repurposed to it;
and regulation, since tyre law assumes inflation **°'. The trials were scheduled to
conclude at the end of 2025, and the company's own framing - niche and fleet
first, no date promised for the mass market - is the calibrated language of a
programme that knows both its achievement and its distance “°°. The military
interest is separate and older: an airless tyre cannot be shot flat, which is why the
US military's ground-vehicle research community has run its own airless
development with industry participation “°?. The likeliest reading is not a
pneumatic-apocalypse but a slow colonization of the niches where maintenance is
expensive - and if the structure ever matches air on cost and comfort at car scale,
the industry will face its first true architecture change since 1946 °''.

The listening tyre

The second future is quieter and closer: the tyre as sensor. A tyre is the only part
of a vehicle that touches the road, which makes it, in information terms, the
vehicle's most privileged position - and until recently the industry harvested
almost none of that information. Tyre pressure monitoring, mandated in the
United States by the TREAD Act of November 2000 after the Firestone-Ford crisis
and phased in through the FMVSS 138 rule of 2005, was the beachhead: a
transmitter in every wheel, reporting pressure to the dashboard "=*"'**’'. The
generation now arriving goes far beyond pressure. Accelerometers and strain
gauges in or on the tyre can read the contact patch directly - load, grip, tread
depth, temperature, the onset of aquaplaning, even the road surface's character -
and feed it to the vehicle's stability systems in real time; Goodyear's SightLine
business describes the ambition openly: detecting conditions in real time and
communicating tire health and road-condition intelligence to fleets, automakers
and municipalities *°'. The fleet logic is the wedge, as with airless: a truck
operator's tyres are among its largest variable costs, and a tyre that reports its
own tread depth and pressure pays for its sensors in fuel and casing life. Beyond
the fleet lies the stranger prospect of the road network itself listening to its traffic
- aggregated tyre telemetry as live map of grip and surface condition, the
industry's century-old intimacy with the road turned into a data product “*''. The
tyre, which began as a way to ignore the road, ends as the instrument that reads
it.

The materials of 2050
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The third future is the one every major has now put a date on: sustainable
materials. Michelin's VISION concept - airless, connected, rechargeable tread,
built from renewable or recycled sources - is the public statement of the direction;
its corporate commitment, announced in 2021 and maintained since, is a tyre of
one hundred percent sustainable materials by 2050, with forty percent by 2030
53215551 The bill of materials that target implies is a research programme in itself:
natural rubber defended by disease-resistant agronomy and supplemented by the
alternative crops - the Russian dandelion and the American guayule bush - whose
latex chemistry is close kin to Hevea's and whose domestic production would
break the industry's geographic dependence (the Ohio State programme notes the
United States remains fully import-dependent for natural rubber, and that a tenth
of world supply was lost to disease in a single recent year) "“*’; carbon black
replaced partly by recovered char from pyrolysis, if the grade problem of Chapter
14 is solved; silica from rice-husk ash; oils from bio-sources; steel and textiles
from recycled stock. Each substitution must re-earn the tyre's safety case, which
is why the dates are decades out “**’. And over all three futures hangs the electric
transition, which is simultaneously the industry's largest demand shock and its
largest design brief: heavier vehicles, instant torque, silence that exposes the
tyre's noise, range that prices every point of rolling resistance “**'. The tyre of
2050, if the roadmaps hold, will be lighter, quieter, longer-lived, self-reporting,
partly grown and partly recovered - and still, in all probability, a toroid full of air,

because after a hundred and eighty years nobody has built a cheaper spring "“°"
[S30]
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EPILOGUE

The Forgiving Machine

What the pneumatic tire is finally for.
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E nd where the object ends every journey: in the hand. Run a palm over a new

tire and you feel the whole book at once - the tread blocks that pump water
and bite snow, the compound that cheats hysteresis, the sidewall that flexes a
hundred million times, the black that is not a colour but a reinforcement, the bead
that grips the wheel, the air that does the work and asks for nothing. It feels like
rubber. It is, in truth, a compressed cross-section of the industrial world: tropical
agriculture, petrochemistry, metallurgy, textile science, precision machinery,
global logistics, and two centuries of accumulated argument about how a vehicle
should meet a road.

The tire's deepest service is forgiveness. Every other safety system on the vehicle
assumes the tire will cope: the brakes assume the patch can take the torque, the
stability control assumes the patch can take the correction, the driver's every
small mistake assumes the patch can absorb it. The tire is the margin of error of
the entire road system, the cushion between human fallibility and physics. It
forgives the late braking, the taken-for-granted corner, the unseen pothole at
midnight, and it asks in return only to be kept inflated and replaced before the
tread runs out - two duties that the entire motoring world performs reluctantly
and late. That we forget our tires is not a failure of gratitude. It is the highest
compliment an industrial object can be paid: it works so reliably that it has fallen
below the threshold of attention, like water from a tap.

There is a material-thinking moral here, and it is the one this series of studies
keeps returning to. Civilisation did not set out to want the pneumatic tire. It
needed it - needed a way to put speed on the road without destroying machine,
cargo and passenger - and the need was answered by an alignment of air, rubber,
soot and cord that nobody planned and several people, from Thomson to Dunlop
to the Michelin brothers to Marius Mignol, separately stumbled into and built
upon. Once, civilization needed. Now, it just wants. The tire sits on both sides of
that sentence: born of need, it became the silent foundation of the world of want -
of the commute, the road trip, the overnight delivery, the same-day everything.
Two and a half billion of them a year roll off the curing presses because the world
we have chosen cannot move without them **.,

And now the object is being asked to change again - to shed less, to sense more,
to survive without its air, to come back from its own grave as raw material. The
next century of the tire will be written by the same kind of people who wrote the
last one: compounders watching test machines, engineers with strange prototypes
that look like fly traps, and someone, somewhere, rolling two wheels across a yard
to see which one runs truer. The wheel was old when Rome was young. The
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pneumatic tire is younger than the photograph. What it becomes next is still,
genuinely, up in the air.
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Return, at the end, to the four patches of rubber with which this book began.
Everything visited in between - the Amazon and the Banbury, the racing circuits
and the salmon creeks, the merger tables and the pyrolysis reactors - exists to
serve those four small handprints of contact, and they remain astonishingly small
for the work they do. The whole weight of a vehicle, its steering, its braking, its
comfort, its economy, its safety in the wet and the cold: all of it passes,
continuously, through an area of contact no larger, per wheel, than the sole of a
shoe. The pneumatic tire has carried that responsibility for a hundred and thirty-
eight years, through every revolution this book has chronicled, and its reign has
never once been seriously threatened, for the reason Chapter 1 gave: nobody has
yet built a cheaper, lighter, better spring than air *°*. The futures of Chapter 16 -
airless structures, sensing treads, sustainable materials - may change everything
about the tire except this: that the vehicle will still ride on a managed interface
between a machine and a road, engineered in rubber, held to a standard of silent
reliability that almost no other artefact meets. The next time a journey passes
without incident, unremarked, at highway speed in the rain, that is the tire doing
exactly what a century and a half of accumulated industry taught it to do. The
forgiving machine forgives again.
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A Timeline of the Pneumatic Tire
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1839 Charles Goodyear discovers vulcanization - rubber, sulphur and heat - making rubber an
engineering material [S08][S11]

1844 Goodyear's US patent 3,633 for the vulcanization process, granted 15 June [S12]

1845 Robert William Thomson patents the pneumatic tire in London; French (1846) and US (1847)
patents follow [S01][S02]

1871 Continental founded in Hanover, 8 October [S50]
1872 Pirelli founded in Milan
1876 Wickham's 70,000 Hevea seeds reach Kew; ~2,700 germinate; seedlings go to Ceylon and

Singapore [S21]
1888 Dunlop applies for his pneumatic tyre patent, 23 July; granted 7 December [S03]

1889 Willie Hume wins four races on Dunlop's tyres at Queen's College, Belfast, 18 May; Pneumatic
Tyre and Booth's Cycle Agency formed; Michelin et Cie named in Clermont-Ferrand [S03][S06]

1890 Dunlop patent invalidated over Thomson's prior patents; Welch's wired-on tyre and the
Clincher patented [S01][S52]

1891 Michelin's detachable tyre patented, 11 September; Terront wins Paris-Brest-Paris on Michelins
[S04][S05]
1892 Continental becomes Germany's first pneumatic bicycle tyre maker; channel-process carbon

black production begins in the US [S50][S19]

1895 Michelin's L'Eclair runs Paris-Bordeaux-Paris on pneumatic tires [S06]

1898 Goodyear Tire & Rubber founded in Akron by the Seiberling brothers; Bibendum appears [S08]
[S06]

1900 Firestone founded in Akron; first MICHELIN Guide published [S09][S06]

1901 Goodyear's straight-sided tire with braided wire bead [S08]

1904- Carbon black's reinforcing effect on rubber recognised (1910) [S19]

1910

1907 Borghese's Itala wins Peking-to-Paris on Pirelli tires [S42]

1908 Firestone ships the first non-skid tread designs [S09]

1928- Ford's Fordlandia and Belterra plantations operate and fail in the Amazon [S46]

1945

1930 Killen Tire's British tubeless patent granted; nearly two-thirds of US tires made in Akron [S16]
[S59]

1931 Shojiro Ishibashi founds Bridgestone in Kurume, 1 March [S44]
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1934

1941

1942

1945

1946

1947

1958

1971

1988

2000

2001

2012

2022

2023

2024

2025

First winter tire, the Kelirengas, made by Suomen Gummitehdas in Finland; first Hakkapeliitta
passenger winter tire 1936 [S56]

US synthetic rubber output: 231 tonnes. The four big rubber companies sign the patent-
sharing agreement, 19 December [S10]

Oil furnace carbon black process established; GR-S programme launched [S19][S10]
US synthetic rubber output reaches 70,000 tonnes per month [S10]

Michelin patents the steel-belted radial tire, 4 June; Herzegh applies for the B.F. Goodrich
tubeless patent [S14][S16]

B.F. Goodrich announces the tubeless tire, 11 May; standard on US cars by 1955 [S15]
Dunlop's R5 racing tyre switches to nylon fabric [S43]

Firestone introduces slick tires to Formula 1, Spanish Grand Prix [S43]

Bridgestone acquires Firestone

Firestone-Ford crisis; TREAD Act mandates tire pressure monitoring, 1 November [S37]
NHTSA's engineering analysis of the Firestone Wilderness AT failures [S57]

EU tire label mandatory: fuel efficiency, wet grip, noise

Formula 1 moves to 18-inch tires; Pirelli's development: 10,000+ hours of indoor testing [S42]

Michelin signs DHL (Singapore) and La Poste (France) Uptis airless trials; tribes petition EPA
over 6PPD; EPA grants petition [S31][S28]

World natural rubber production ~14.8 Mt, Thailand leading at 4.79 Mt; world tire production
~23 Mt [S23][S29]

Global tire market ~$282 bn / ~2.6 bn units (Smithers estimate); Uptis trials conclude at
year's end [S24][S30]
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Aspect ratio. Sidewall height as a percentage of section width; the "60" in
225/60R16. Lower numbers mean shorter sidewalls and sharper response. [S60]

Banbury mixer. The sealed internal mixer, named for its inventor's machine, in
which rubber, carbon black and chemicals are kneaded into compound. [S20]

Bead. The hoop of high-tensile steel wire at each edge of the casing that anchors
the tire to the rim; descended from Welch's 1890 wired-on patent. [S03]

Belt. Layers of low-angle steel or textile cord beneath the tread that stabilise the
crown of a radial tire. [S13]

Bias-ply. The pre-radial construction: plies laid diagonally, cords crossing ply over
ply; sidewall and tread one structure.

Carbon black. Engineered soot of nanometre-scale particles; the tire's principal
reinforcing filler since 1910. [S19]

Carcass (casing). The tire's structural body - plies, beads, sidewalls - excluding
tread and belts.

Contact patch. The area of tread touching the road at any instant; roughly load
divided by inflation pressure.

Compound. A specific rubber recipe - polymer, fillers, oils, curatives, protectants
- tuned for one part of the tire.

Crumb rubber. End-of-life tires shredded and granulated to a feedstock for
surfaces, asphalt and mouldings. [S27]

Curing (vulcanization). The hot-mould step that forms sulphur cross-links,
fixing shape, tread and properties irreversibly. [S20]

6PPD. The antiozonant that protects sidewalls from ozone cracking; its
transformation product 6PPD-quinone is implicated in coho salmon mortality.
[S28]

Green tire. The assembled but uncured tire; soft, pale and without its final
properties. [S20]

Hysteresis. The energy rubber loses as heat when flexed; the physical root of the
grip-wear-rolling-resistance triangle.

Inner liner. The thin, air-impermeable halobutyl layer that replaced the inner
tube in tubeless tires.
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Load index / speed rating. The coded service description (e.g. 97V) stating
maximum load and speed. [S60]

Ply. One layer of rubberised cord fabric in the casing.

Pyrolysis. Oxygen-free heating of end-of-life tires to recover oil, gas and carbon
black.

Radial. Construction with carcass cords at 90° to the direction of travel plus an
inextensible belt; patented by Michelin, 1946. [S14]

Retread. A worn tire given a new tread on a sound casing; standard in aviation
and trucking. [S39]

Rolling resistance. The energy a tire consumes by rolling, lost as heat through
hysteresis.

Sipe. A small slit moulded across tread blocks; wiping edge and local flexibility
for wet and winter grip.

Tire wear particles (TWP). The mixture of tread and road material abraded in
use; ~1.1-1.3 Mt/yr in the US and EU alone. [S29]

Tubeless. Construction without an inner tube, sealed at the beads; B.F. Goodrich,
1947; standard by 1955. [S15]

Uptis. Michelin's airless prototype: a glass-fibre load-bearing lattice in place of
pressurised air. [S31]
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