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About this study

This book is part of the Industries of India item studies: a library in which every small thing is treated as its own
industry. A mobile phone is not "Samsung"; it is hundreds of industries bolted, soldered and snapped together.
The Global Industry Classification Standard (GICS) is the map on which each study is filed — but the map is not
the subject. The item is.

The ball bearing earns its place by a simple observation: almost nothing in the modern world turns without one.
It is a component most people have held, few have examined, and no industrial economy can run without. It was
patented before the railway existed, nearly lost to history twice, bombed by five hundred bombers in a single
afternoon, and miniaturised until one of them could hide inside the dot of this letter o. This study follows the
whole story — the invention, the science, the people, the machines that make the machines, the markets, the
bottlenecks, and what comes next — before any national lens is applied. The element comes first.

A note on method. This is a reference document, and the numbers in it carry dates. Where a figure comes from a company's own reporting,
the reporting period is named. Where a market number is a projection, it is labelled a forecast. Sources for every figure and claim live in the
companion volume, The Ball Bearing — Source Companion, tagged to the [S#] markers throughout this text, with each source's read status
recorded. All illustrations in this book are Al-generated artwork made for this study; they are labelled once here and not again on every page.
No real person's likeness was synthesised or altered.



PROLOGUE

The Object You Never See

On the most important machine part you have never been asked to think
about.

Hold a ball bearing in your hand and it tells you almost nothing. Two steel rings, a ring of polished balls, a thin
cage to keep them apart, maybe a rubber seal. It weighs less than a handful of coins. It is not precious, not rare,
not beautiful in the way of a watch movement or a jet fan. And yet if every ball bearing on Earth seized tonight,
the modern world would stop in stages, like a body shutting down. Cars would coast to the shoulder with ruined
wheel hubs. Trains would be parked where they stood. Factory motors would smoke and die. Power stations,
wind turbines, water pumps, hospital scanners, the fans cooling the data centres that carried these words to you
— all of them turn on balls of hardened steel rolling between two rings.

This is the peculiarity of the ball bearing: it is the most consequential machine element ever made, and it is
engineered to be ignored. A good bearing draws no attention. It makes no sound, takes no credit, and asks only to
be forgotten inside the machine it serves. The few times in history it forced itself onto the front page — a bicycle
race in 1869, the bombing runs over a Bavarian town in 1943, a plastic toy craze in 2017 — are exceptions that
prove the rule of its invisibility.

Industries of India exists to look at the world the way this book looks at a bearing: materially. Not as brands or
stock tickers, but as substances, processes and people. Who first thought to put a ball between two surfaces? Who
learned to make a ball round enough to trust? What does it take — what steel, what furnaces, what grinding
machines, what mathematics — to make a sphere that deviates from perfect roundness by less than a bacterium's
width, and to make hundreds of millions of them a year, cheaply? Who owns that capability now, who copies it,
who counterfeits it, and what happens to civilisation's rotation if the supply of perfect little spheres is ever truly
interrupted?

Those are the questions of this book. They begin, as the bearing itself does, with the oldest enemy of motion:
friction.

The Egyptian Question

Every history of the bearing begins with the same picture: ancient Egyptians rolling pyramid blocks on logs. It is a
good picture. It is also, on current evidence, probably wrong — and the correction is more interesting than the
myth.



Leonardo's notebooks hold the Renaissance's deepest study of rolling contact, lost to engineers for four and a half centuries.

The drawings that survive, most famously in the tomb of Djehutihotep, show the transport of a colossal statue not
on rollers but on a sledge, with a figure at the front pouring liquid onto the sand. The modern reading, backed by
archaeological literature, is that the Egyptians wetted the sand before the sledge, increasing its cohesion and
cutting friction — a lubrication technology, not a rolling one. The scholarly summaries of bearing history now
state flatly that there is no archaeological evidence that cultures such as the ancient Egyptians used roller
bearings in the form of tree trunks under sleds. [ss51 Schaeffler's own historical essay keeps the more traditional
reading alive, noting that antique drawings have long been interpreted as showing Egyptians and Assyrians using
logs as rolling aids — while emphasising the older and better-documented discovery: lubrication. [s53) The ABMA
industry timeline still prints the log-roller story for 2600 BCE. [s14] The honest verdict: humanity's first friction
technology was grease and water, not rolling. Rolling came later, and where it first appeared remains contested
ground.

The contested ground has real contenders. Archaeologists excavating a Celtic chariot about 2,700 years old found
a wheel guide in which beech-wood sticks rolled between axle and wheel — a true, if wooden, rolling-element
bearing from Iron Age Europe. (s53] The Nemi platforms of Chapter 2 followed a few centuries later in bronze.
What none of these ancient bearings could do is spread: each was a workshop miracle in a world without
interchangeable parts, and each died with its patron.

Lubrication, meanwhile, was building its own long empire. Tallow, earth pitch, resin and beeswax on axle and
bearing surfaces are documented from antiquity; the plain bearing lubricated with fat was the workhorse of
every wheel from the Sumerian cart to the Victorian line shaft. (ss3) When Leonardo da Vinci turned to the
problem around 1493, he wrote down the first recorded laws of friction — that friction is proportional to load and
independent of contact area — and recommended bearing bushes of roughly seventy percent tin and thirty
percent copper, a ratio close to the white metals still cast into plain bearings centuries later. (ss53) The science of
friction, like the idea of the ball, was waiting for its industrial moment.

CHAPTER 2

The Clockmaker's Cage



Between Leonardo and Vaughan stands one more essential figure, and he comes not from transport but from
timekeeping. John Harrison, the self-taught English carpenter-clockmaker who devoted his life to the longitude
problem, invented the first practical caged roller bearing in the mid-1740s for his third marine timekeeper, H3.
[S55] [S56]

Clocks are the most unforgiving bearing application of the pre-industrial world: tiny loads, but an absolute
demand for constant friction, year after year, because a change in friction is a change in time. Harrison's caged
rollers kept the elements from rubbing each other — the exact problem that limits any uncaged rolling device,
and the same function Galileo had described for caged balls a century earlier. [s14] (s55] In H3 the motion was only
oscillation; Harrison went on to apply the design to true rotation in a regulator clock. (sss; The watch and clock
trade went on to become precision bearing's first demanding customer, right down to the jewelled movements
whose sapphire plain bearings still anchor mechanical watchmaking. sss]

The lesson of the long prehistory is consistent: every element of the ball bearing — the rolling element, the race,
the cage, the lubricant — was invented, demonstrated and admired centuries before the industry existed. What
was missing was never the idea. It was the means of production.

Harrison's reward was cultural as much as financial. The longitude prize made him the most famous mechanic in
England, and his watches — H4 above all — demonstrated that a portable machine could hold time at sea to
within seconds a day, something no pendulum could approach. What the bearing histories add is the quieter
point: the enabling component inside that triumph was a rolling-element bearing with a cage, built by a man who
had never seen a drawing of one. The caged bearing was not diffused from a workshop tradition; it was re-
derived, alone, because the problem demanded it. When the industry finally standardised the cage two centuries
later, it was standardising an answer Harrison had already proved. [sss5] [s56]

The Classical Rolling Engineers

The most careful scholarly history of the ball bearing was written not by the industry but for it: Duncan Dowson
of the University of Leeds and Bernard Hamrock of NASA's Lewis Research Center, in a 1981 NASA technical
memorandum that remains the standard reference. [s39] Their account of the classical world complicates every
simple origin story, in the best way.
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A Roman lake ship of Caligula's era carried rotary platforms on bronze spheres — the oldest true ball bearings yet found.

Greece first. Aristotle observed that friction is lowest for round objects — a philosopher's remark, not an
engineer's programme, and the NASA history is careful to say so. But the engineers of Alexandria's military
tradition went further in practice: a movable siege tower with a battering ram, built by Diades for Alexander's
army around 330 BC, mounted the ram on an early form of linear roller bearing with lathe-turned wooden
rollers. (s391 The first recorded rolling-element bearing in history may have been a weapon's.

Rome followed, and Vitruvius left the written record: stone columns moved by building them into wooden
wheels, gudgeon-and-roller arrangements, and a description of Diades' ram. [s39] The Celts of northern Europe
were independent inventors of real subtlety: the oak hubs of a fine four-wheeled cart found in Western Jutland,
Denmark, in 1881, held bronze collars with 32 axial grooves in each, some still containing wooden rollers — a
Bronze-and-wood roller hub from roughly two thousand years ago, evidence that rolling-element thinking was
developing in several European cultures at once. (s39) And China has its own candidate: annular bronze objects
with four or eight internal compartments, over 2,100 years old, found in a village in Shansi, with granular iron
dust in each cell — perhaps shaft supports in which balls or rollers turned inside the compartments. Joseph
Needham recorded the find; its true purpose remains unknown, and the NASA history labels it speculation,
honestly. [s39]

Then the long silence. The NASA history calls the medieval period — roughly AD 400 to 1450 — "dark and empty"
for rolling-element bearings: no advances in the West, none recorded in China, and in the Americas not even the
wheel. (s391 The bearing's history is not a rising line. It is sparks, darkness, and then fire.

Diades and the Ram

The classical world's most explicit bearing engineer was a specialist in moving very large masses: Diades of Pella,
who accompanied Alexander the Great and wrote, around 330 BCE, the earliest surviving engineering treatment
of siege machinery. The NASA-sponsored history of bearings credits his writings — preserved through later
compilers — with descriptions of rollers applied to the great problem of his trade, moving towers and rams



toward city walls. [s39]

A battering ram is a bearing problem in its purest ancient form: a mass of tonnes that must swing or roll
smoothly, under fire, on equipment built in the field. Whether Diades' rollers were true bearings in the modern
sense is beyond recovery — the texts survive at third hand and the drawings not at all — but the direction of
thought is unmistakable. The military engineer of the fourth century BCE already understood that rolling contact
was the way to move weight, and that principle, not any artifact, is what the ancient world contributed. The
artifact would come later, in bronze, from the bottom of an Italian lake. (s39]

The Bookseller's Pivot

The first man to publish roller and thrust bearing designs for the world to copy was not a mechanic but a
showman of machines: Agostino Ramelli, the Italian military engineer whose 1588 book, The Various and
Ingenious Machines, presented hundreds of devices in magnificent engraved plates. Among them were genuine
bearing designs — rollers carrying shafts, and thrust arrangements carrying vertical loads — printed, circulated
and read across Europe. [s55]

Ramelli's most famous invention, the book wheel — a rotating reading desk that kept many volumes open before
a scholar, its shelves held level by an epicyclic gear train — was itself a bearing-intensive machine, and it made
his name in every library in Europe. The episode captures the Renaissance position exactly: the bearing existed in
the workshop repertoire of the machine-book authors, admired and copied, but every exemplar was still
handmade for one machine and one patron. Publication spread the idea; only production, three centuries later,
would spread the thing. [sss]

Leonardo in Madrid

Leonardo da Vinci's bearing work was far deeper than the single famous sketch, and much of it was lost until
living memory. The Codex Madrid I — the notebook that contains his most developed mechanical thinking,
including the bearings — was rediscovered in the Biblioteca Nacional in Madrid only in 1967. [s39] [s46]

What the codex shows is a working engineer, not a dreamer. Leonardo studied friction experimentally and
concluded that the coefficient of sliding friction was constant and equal to one quarter for all materials — the first
recorded quantitative laws of friction, anticipating Amontons (1699) by two centuries. [s39] He sketched "roller-
disc" bearings for lightly loaded shafts — though the same codex reveals he learned that device from a German
mechanic named Giulio who worked as his assistant; Leonardo's own improvement was a three-disc support. [s39]
Roller-disc bearings appear across Renaissance industry in the printed works of Agricola (1556) and Ramelli
(1588) — Ramelli's being the first published roller and thrust bearing sketches. [s39] [s55]

And then the passage that earns Leonardo his chapter in any bearing book. In the Codex Madrid I he wrote that a
weight moving on a flat surface is eased by interposing balls or rollers; that balls have universal motion while
rollers move in one direction alone; and — the crucial insight — that if the balls or rollers touch each other, "their
touching by contrary motions" makes the movement harder, so they must be kept at a distance from one another.
There, in one Renaissance paragraph, is the ball, the race and the cage. He drew his thrust bearing complete with
separator, and his ball pivot bearings with the remark that three balls under a spindle are best. [s39] "Those who
are enamoured by practice without science," he wrote elsewhere, "are like a pilot who goes into a ship without
rudder or compass." (s39] The ball bearing waited three more centuries for its practice to catch up with his science.



The Watermill's Bearings

Long before anyone ground a steel ball to a millionth of an inch, the problem the ball bearing exists to solve was
already costing civilisation a measurable share of its energy. The watermill - humanity's first industrial prime
mover - turned a horizontal stream into vertical effort through a pair of stones and a shaft, and every part of that
transaction passed through a bearing. The Romans understood the vertical waterwheel; the medieval world
multiplied it by the tens of thousands. William the Conqueror's Domesday Book of 1086 counted more than five
and a half thousand mills in England alone, and every one of them rested its turning shaft in a plain bearing: the
journal bearing, the oldest bearing of all. (s3] [s61]

The journal bearing asks nothing more than that a shaft sit in a hole and be fed something slippery. A watermill's
great horizontal axle - the axle that might carry the weight of a wheel of several tonnes, plus the thrust of the
water against its paddles - turned in blocks of hard, close-grained wood, often lignum vitae, a timber so dense and
so naturally oily that it nearly lubricates itself. The miller kept it wet and greased with animal fat, and it served. It
served, but it taxed. A rough, dry, or overloaded journal converts work into heat, and the miller paid that tax in
flour never ground. The friction of plain bearings in the pre-industrial mill was not an abstraction; it was a quota
of the river's power that never reached the stones.

The medieval mill is therefore the cleanest demonstration of the bearing problem's economics. Power was scarce,
expensive, and fixed by geography. A river gave what it gave. Any mechanical improvement that reduced the
share of that power lost to rubbing surfaces was worth real income, year after year, for the life of the mill. This is
precisely the arithmetic that would, centuries later, sell ball bearings to factory owners who did not care about
elegance and only partly about engineering. The rolling bearing is an energy-saving device before it is anything
else, and the watermill is where that truth is easiest to see, because there was so little energy to spare.

There is a second lesson in the mill, and it is about load. A millstone shaft does not merely carry weight; it carries
weight that arrives unevenly, as water surges and stones bite. Plain bearings tolerate this badly when the
lubricant film is squeezed out, which is why millers developed an intimate craft of clearances, timbers, and
greases - a body of practical tribology accumulated without a single equation. When the Industrial Revolution
replaced the river with the steam engine and the wooden shaft with iron turning at ten times the speed, that craft
was pushed past its limits almost at once. The bearing problem that the watermill had made merely expensive,
the factory made urgent. The line shaft, the axle box, and eventually the ball were the answers that urgency
produced. [s63]

The Journal's Long Reign

It is easy, reading the history of the rolling bearing, to cast the plain bearing as the villain - the primitive thing the
ball arrived to replace. That is unfair to one of the most successful machine elements ever made. The journal
bearing is the simplest bearing possible, a shaft in a surface with no rolling elements at all, and it has never been
displaced. [se1] It simply changed its physics.

The transformation was the discovery of hydrodynamic lubrication. A loaded shaft turning in a close-fitting, oil-
fed sleeve does not actually touch it. The rotation drags oil into the narrowing wedge between shaft and bearing,
pressure builds in the film, and the shaft floats - literally climbs - on a wedge of oil perhaps a few hundredths of a
millimetre thick. In that condition there is no solid contact at all, and wear is nearly zero. The railway axle boxes
that failed so expensively in the nineteenth century failed when that film broke down; the great achievement of
later bearing practice was learning to design, feed, and finish journal bearings so the film held. Beauchamp
Tower's experiments on railway journals in the 1880s, which caught the pressure in the film rising high enough to



lift the load, gave Osborne Reynolds the experimental foundation for the equation of fluid-film lubrication he
published in 1886 - the theoretical charter of the plain bearing. [s61]

Because of that film, the plain bearing kept the jobs where rolling bearings are weakest. Where loads are
enormous and continuous, where shock is constant, where the shaft is huge, where silence matters, where the
bearing must be split around a crankshaft that cannot be threaded through a ring, the lubricated journal wins.
Every crankshaft in every internal-combustion engine ever built - billions of them - has run on plain bearings.
Every ship's propeller shaft, every steam turbine in every power station, every hydroelectric generator that turns
ariver into a grid runs on oil-film journal bearings. The watermill's wooden blocks became white-metal-lined,
pressure-fed, instrumented sleeves, but the principle is the one the miller knew: keep the surfaces apart with
something slippery.

The honest way to frame the ball bearing's revolution, then, is not replacement but partition. The rolling bearing
took the jobs where starting friction matters, where lubrication must be minimal or sealed for life, where speeds
climb past what an oil film can shed heat from, where precision of shaft position must be held to microns, and
where maintenance access is expensive. The plain bearing kept the giants. The two families divided the rotating
world between them in the twentieth century, and the boundary between their territories - drawn by load, speed,
shock, cost, and access - is one of the more quietly rational boundaries in all of engineering. (s61]



PART 1

Before the Ball

Friction, the wheel, the roller, and a Roman emperor's rotating statues.
How the ancient world came within a bronze cage of the ball bearing
and then forgot it for eighteen centuries.

Every technology has a prehistory in which its central idea is invented, demonstrated, and lost. The ball bearing's
prehistory is unusually long and unusually instructive. The ancient world understood friction intimately - it paid for
friction in human and animal muscle every day - and it developed the roller, the lubricant, and the journal bearing to a
high degree of practical refinement. Twice, in the machinery of imperial Rome, it assembled something startlingly close to
a true ball bearing: bronze balls in a track, carrying a rotating load on a vertical shaft. And then the idea disappeared for
the better part of two millennia, not because it failed, but because nothing in the ancient economy demanded it. Slaves
and oxen were cheap; precision metalwork was ruinously expensive; and no machine ran fast enough, long enough, to
make the friction of a well-greased wooden bearing worth engineering away. The chapters in this part trace that long
apprenticeship: the physics the ancients mastered, the rolling elements they placed under their statues and siege engines,
the clocks and mills of the medieval and early modern world that kept the craft of precision alive, and the conditions -
cheap steel, fast machines, powered factories - that had to exist before the ball bearing could be not merely invented but
needed. The lesson generalises: technologies do not arrive when they become possible. They arrive when the economics of
friction change.

The Oldest Enemy

Every machine is a negotiation with friction. Rub two surfaces together and motion becomes heat, wear and
waste. The whole history of mechanical civilisation can be read as a series of escapes from that tax: the sled
before the roller, the roller before the wheel, the wheel before the lubricated axle, and finally the rolling element
trapped in a race, which cut the tax to nearly nothing.

The American Bearing Manufacturers Association opens its official timeline of the industry not with a patent or a
company but with a guess about pyramids: around 2600 BCE, it records, the ancient Egyptians used a form of
roller bearing — logs laid under sledges — to move the massive stone blocks of pyramid construction. (s141 The
image is probably older than the evidence, but the principle is real and profound: rolling is cheaper than sliding.
Alog under a sledge converts grinding resistance into a small flexing of wood and sand. Whoever first noticed
this discovered the idea that would eventually become the bearing industry, even if the industry itself took four
and a half thousand years to arrive.

The wheel domesticated rolling. But the wheel only moved the problem, it did not solve it. Every wheel must turn
on an axle, and at that interface the old friction returns, concentrated into a few square centimetres of sliding
wood or bronze. The plain bearing — a shaft resting in a hole, slicked with animal fat, tallow or later petroleum
oil — was the standard answer for millennia, and it is still with us in crankshafts and ship propeller shafts. A
plain bearing is cheap, quiet and tolerant of dirt. Its flaw is that it slides, and sliding wears and heats. At speed,
under load, or on a machine that must run for years, sliding becomes the weak point of the whole design.



The ball bearing answers with geometry. A ball between two rings touches each ring at a point so small it is
almost theoretical. There is nothing to slide: the ball rolls, and rolling friction is a fraction of sliding friction. But
that answer demands something antiquity could not supply at scale: a ball round enough, hard enough and cheap
enough to trust. The story of the ball bearing is therefore really two stories braided together — the idea, which is
ancient, and the manufacturing, which is modern. The idea kept being found and lost. The manufacturing, once
found, changed everything.

Caligula's Rotating Tables

In the first century AD, on the crater lake of Nemi in the Alban Hills south of Rome, the emperor Caligula kept two
enormous pleasure barges — floating palaces with mosaic floors, marble, plumbing, heated baths and quantities
of bronze fittings. (se] After his assassination in 41 AD the ships were stripped, overballasted and deliberately
sunk. They slept under the lake for nearly nineteen hundred years.

Fishermen always knew they were there. Cardinal Prospero Colonna and the architect Leon Battista Alberti tried
to raise them in 1446, at a depth of about eighteen metres, and managed only to tear planks loose with hooks.
Francesco De Marchi dived the wrecks with a diving helmet in 1535. A systematic study began only in 1895 under
Eliseo Borghi, and the full recovery — achieved by partially draining the lake — was carried out under
Mussolini's government between 1929 and 1932. A purpose-built museum over the hulls opened in January 1936.
[S6]

What the lake gave back was a catalogue of Roman engineering that had no business existing that early: bilge
pumps worked like bucket dredges, piston pumps pushing hot and cold water through lead pipes, possibly
hypocaust central heating. And then the detail that matters to this book. Each ship contained a rotating platform,
and one of them turned on caged bronze balls — the earliest known example of a thrust ball bearing, a device
historians had previously credited to Leonardo da Vinci's imagination fourteen centuries later. A second, almost
identical platform used cylindrical rollers instead. Earlier Roman finds of lenticular — lens-shaped — bronze
bearings had already hinted that Roman engineers understood rolling elements on water-wheel axles in thermal
baths. The Nemi platform showed the idea fully formed: balls, a track, a cage to space them, and a load turning
smoothly above. [se] The scholarly reconstruction work on the Nemi platforms — published in both an
archaeological-mechanical study in 2019 and a Springer volume on the history of mechanism — treats them as
genuine thrust ball bearings, likely built to rotate statues for display, though a deck-crane function has also been
proposed. [s44] [s45]

MATERIAL THINKING

A Roman craftsman cast bronze balls, seated them in a ring, and let a statue revolve above a banquet crowd. The
physics is identical to the thrust bearing in a modern crane. The difference is not the idea but the supply chain:
Rome could make a few dozen bronze balls for an emperor; it could not make ten million hardened steel balls a
week for everyone.

The story ends in the same fire that consumed so much of the twentieth century. On the night of 31 May 1944,
with Allied forces pushing the retreating German army through the Alban Hills, the museum burned and the
ships were reduced to ash. For decades the fire was officially blamed on German troops; a detailed 2023 re-
examination by Flavio Altamura and Stefano Paolucci, using unpublished documents and modern fire-
investigation methods, concluded the evidence against the Germans was baseless and that the only plausible
cause was Allied artillery shells striking the museum that evening. (se] The bronzes survived. The ball bearings of
Lake Nemi — or at least their remnants and the records of them — survived too, an orphaned proof that the idea



of the ball bearing is at least two thousand years old.

The Idea That Kept Being Lost

What is striking about the Nemi platforms is not that Rome had them. It is that Europe then forgot them,
comprehensively, for a millennium and a half. There is no traceable line of descent from Caligula's barges to any
medieval or Renaissance mechanism. The ball bearing did not diffuse; it had to be re-invented, and the record of
its re-invention is a trail of drawings, patents and half-made machines.

The Renaissance rediscovery belongs, predictably, to Leonardo da Vinci. The industry timeline of the American
Bearing Manufacturers Association credits him, around 1500, with describing a type of ball bearing. (s14] His
notebooks go further than description. In the Codex Madrid I, Leonardo worked repeatedly on the problem of
friction in rotating machines, and on folio 20v he drew what modern engineers recognise as revolving thrust
bearings: a ring of eight spheres, each kept apart and in place by small concave rolling spools, so the balls could
turn freely without rubbing each other. The Museo Leonardiano in Vinci holds a carved wooden model of this
design, seventeen centimetres tall, built from the Madrid drawing. (s13] Elsewhere in the same codex he sketched a
pressure-resistant ball bearing for loaded vertical shafts. [s46)[s471 Leonardo understood, explicitly, the two
insights that define the modern product: balls instead of sliding contact, and a separator so the balls do not
destroy each other. The ABMA timeline also records that around 1600 Galileo described a caged ball bearing —
the cage being the quiet, unglamorous invention without which no ball bearing survives its first hour of work. (s14

None of it was built to last. Leonardo's bearings remained ink. The world he lived in had no source of accurate,
hard, identical spheres, and without that supply every bearing is a one-off sculpture. A ball that is not round
hammers its track; a ball that is not hard flattens; a ball that costs a craftsman's day cannot fill a machine. The gap
between Leonardo's drawings and a working industry is not imagination. It is grinding machinery, steel
chemistry and mass production — and crossing it took another three hundred years.

A Patent in Carmarthen

The first legal birth certificate of the ball bearing is a British patent of 1794, number 2006, granted to Philip
Vaughan of Carmarthen, Wales: "iron ball bearings for carriage wheel-axles." [s21 Vaughan was not a clockmaker
or a natural philosopher. He was an ironmaster — a proprietor and agent of the iron foundry at Carmarthen and
Kidwelly, later a co-partner in the Carmarthen rolling mills, a burgess of the town, a man of furnaces and leases.
(s21 That matters. The first person to patent the ball bearing was exactly the kind of person who felt the pain it
solved: the owner of heavy things that had to move.

Vaughan's design put iron balls between the wheel and the axle of a carriage, the balls running in deep grooves
and sealed in place with a stopper. (s2) Read that again, slowly, because it is the entire modern architecture in one
sentence: rolling elements, a raceway to guide them, and an enclosure to keep them in and the road out. Every
deep-groove ball bearing made in the twenty-first century is a descendant of this Welsh carriage hub.

The timing deserves attention. 1794 is before the steam locomotive, before the bicycle, before the sewing machine,
before mass-produced anything. The world Vaughan patented into was a world of horse-drawn carriages on bad
roads, where a seized axle meant a stranded load and a lame horse. His patent is a reminder that the bearing did
not begin as a product of the machine age; it helped create the machine age by arriving just in time for it. The
railway, the bicycle boom, the automobile and the electric motor would each, in turn, multiply the demand for
what Vaughan had drawn.



And yet the patent nearly vanished into the same obscurity as Leonardo's sketches. Vaughan died in 1824, and for
decades his design lived mostly on paper, cited by later writers as a curiosity. The carriage trade adopted ball
hubs slowly and unevenly; the materials and machining of the early nineteenth century could not deliver the
hardness and roundness the concept punished you for lacking. The ball bearing had its inventor on paper. It still
lacked its industry.

The Boom That Made an Industry

The bicycle did not just prove the ball bearing; it industrialised the demand for it. Through the 1870s and 1880s
the high-wheeler spread across Europe and America; through the 1890s the safety bicycle — two equal wheels, a
chain drive, pneumatic tyres — turned cycling into the first personal-mobility mass market in history. Schaeffler's
retrospective is explicit about the sequence: Fischer's grinding machine arrived in 1883, and the vehicle that
immediately benefited was the bicycle, with the automobile following in its slipstream. [s53]

Consider what a bicycle demands of a bearing, and why it was the perfect forcing application. The rider is the
engine, so friction is felt directly as fatigue. The machine is light, so the bearings must be small. It is ridden in rain
and dust, so the bearings must survive contamination. And it is bought by the million, so the bearings must be
cheap. No other nineteenth-century machine combined sensitivity, severity and scale in that way. The hub, the
bottom bracket, the headset and the pedals became the bearing industry's training ground — high-volume,
quality-sensitive production for a consumer product — a full generation before the car repeated the pattern at ten
times the weight. [s53]

The pattern itself is worth naming, because this book sees it again and again: a new machine creates a new
friction pain; the bearing solves it; the machine's market explodes; the bearing industry's capacity, quality and
price all improve on the volume; and the improved bearing then enables the next machine. Bicycle to automobile
to electric motor to machine tool to jet engine to robot: the ball bearing is the quiet ratchet underneath the whole
sequence.

By the turn of the century the demand had outrun any single town. In the years before the First World War, most
ball bearings used in the United States were still imported from Germany, where Fischer's firm — merged in 1909
with the shop of locksmith Georg Schéafer to become Kugelfischer Georg Schédfer — and the other Schweinfurt
houses held a dominant position in the technology. ;s10] The bicycle had created the market; Schweinfurt owned
the supply; and the rest of the world began, one nation at a time, to build its own answer.

The Line Shaft's Demands

To see what the ball bearing was up against inside the factory, stand in a nineteenth-century machine shop and
look up. The ceiling is a forest of line shafting: long steel shafts coupled at flanges, slung from hangers, turning
everywhere at once, driven by one engine or one waterwheel and driving every lathe, drill and grindstone in the
building through flat leather belts. [s59]

The line shaft was a bearing-intensive machine on a building scale. Every hanger held a bearing; every shaft
sagged between hangers, so the bearings saw misalignment as a way of life; and the whole tree of shafts ran
whenever any machine ran, burning power in friction whether or not work was being done. Millwrights aligned
shafts with piano wire and spirit levels, oiled the hangers on rounds, and accepted the losses as the price of
centralised power. When electric motors arrived small enough to put one on each machine, the line shaft died
within a generation — and the demand for bearings moved, in one step, from a few large hanger bearings per



shop to a pair of ball bearings per motor per machine. [s59] [s16]

It is not coincidence that the self-aligning ball bearing was invented in a textile mill full of line shafts. Wingquist's
problem in 1907 — German ball bearings failing on misaligned shafts at Gamlestaden — was the line shaft's
problem exactly: perfect bearings meeting imperfect buildings. His solution, letting the outer race pivot in a
spherical seat so the bearing shrugs off misalignment, is the sound of the old power system handing over to the
new. The ceiling forest disappeared; the bearing stayed, hidden inside everything. s [s59]

Bessemer's Gift

There is a material precondition for the ball bearing industry that its histories often skip: cheap steel. Vaughan's
balls were cast iron — hard but brittle, and they tended to crack under stress. [s38] Cast iron made the 1794 patent
a dead end as much as any machining limit did. What fixed the ball bearing "permanently in the minds of
engineers everywhere," in Scientific American's phrase, was the combination of the Bessemer process — which
made inexpensive steel a bulk material from the 1860s — and the bicycle, which gave that steel its perfect
application. [s38) Suriray's 1869 patent was, tellingly, for a steel ball bearing. [s3g]

Philip Vaughan's 1794 patent set balls in a groove between axle and wheel hub — the first ball bearing design on record.

The sequence matters for the I0OI method. The ball bearing was not one invention but a stack of them: the
geometric idea (ancient), the legal design (1794), the material (Bessemer steel, 1860s), the mass market (the
bicycle, 1869 onward), the precision process (Fischer's mill, 1883), the forgiving architecture (Wingquist, 1907),
the science (Hertz 1882, Stribeck 1902, Lundberg-Palmgren 1947), and the standards (twentieth century). Remove
any layer and the industry stalls. This is how real technologies are born: not as eurekas but as stacks.

There is one more material footnote worth keeping. The demand for ever more perfect spheres, pushed by
automobiles, tanks and guidance systems, drove machining tolerances from a thousandth of an inch toward a ten-
thousandth — and the quest for the perfect sphere ultimately left the bearing industry entirely. (s3g] Chapter 47
tells that story.



The timing was exact. Bessemer's converter was patented in the 1850s; by the late 1860s cheap mild steel was
flooding the railways and the construction trades; Suriray's steel-ball patent landed in 1869, the same year his
bearings won at Rouen. The sequence matters for understanding what an invention is: Vaughan's 1794 design was
complete and correct, and it died anyway, because the material it specified could not yet be made well or cheaply.
The ball bearing was not invented twice so much as completed twice — once in geometry, once in metallurgy. (s3s]

Whitworth's Millionth

Between the patent and the industry stands one more enabling craft, and it has a name: measurement. Joseph
Whitworth, the Manchester machine-tool maker, spent the 1830s and 1840s attacking the era's real bottleneck,
which was not invention but accuracy. His answer was a system of true planes, scrapers and comparators that
culminated in a measuring machine demonstrated at the Great Exhibition of 1851 with a resolution of one
millionth of an inch — twenty-five nanometres, in modern units. (s60]

Whitworth's larger gift was standardisation. His 1841 screw-thread system — the first national standard thread —
showed what happened when a dimension became a public fact: every workshop could make parts that fitted
every other workshop's parts, and an industry could exist above the level of the individual fitter. The bearing
industry would be built entirely inside that possibility. A catalogue bearing is a Whitworth idea in steel: a
component specified so exactly, and measured so honestly, that a stranger can buy it and trust it. [se0]

There is a direct line from the millionth-of-an-inch comparator of 1851 to the bearing catalogues of 1900, where
balls and races are sold by the micron. Fischer could not have sold precision balls into a world that could not
measure them; Wingquist could not have specified a self-aligning bearing for a customer who could not gauge his
own shaft. The machine tool made the bearing possible, and the bearing, returned as spindle bearings, made the
machine tool accurate. The two industries have been climbing each other ever since. [s60]

The Patent Office Warms

Between Vaughan and Suriray the patent record slowly fills, and the industry's own timeline tells the story in
dates. The ABMA chronology tracks the idea's nineteenth-century thickening: ball bearings claimed for carriage
and mill applications, improved races, better balls, each patent a small increment on a design whose material
moment had not yet come. (s14]

Read as a whole, the mid-century patents are a technology assembling itself in public. The ball was solved in
principle; the race geometries multiplied; what each filer lacked was what every filer lacked — steel that was
cheap and clean enough, and machinery that could finish a sphere to tolerance. When those arrived together in
the 1880s, the patent record explodes into an industry, and the carriage-wheel filings of the 1860s read like a dress
rehearsal for a play about bicycles. (s14][s38]

The Axle Box Problem

The greatest bearing customer of the nineteenth century was not the bicycle but the railway, and for most of that
century the railway ran on plain bearings. The journal box — the axlebox — carried each wheelset's load on a
brass or Babbitt-lined plain bearing, lubricated by oil and waste packing, inspected on rounds, and cursed on cold
mornings. Babbitt's soft bearing metal, patented in 1839, was the axlebox's great ally: a surface that embedded



grit rather than scoring on it, and that failed gradually and visibly instead of suddenly. (s61]

The axlebox explains why the rolling bearing's conquest took so long, and why it came to the railway last and
most thoroughly. A plain bearing is cheap, forgiving, and maintainable with an oil can; a railway can run an
empire on it if it accepts the friction, the hot boxes and the army of oilers. What it cannot do is scale speed and
load together. As trains grew heavier and faster through the twentieth century, the heat in the journal box
became the limit, and the tapered roller bearing — Timken's American stronghold — took the axlebox over so
completely that the modern railway's bearing is a sealed unit, forgotten for a million kilometres at a time. [s61] [510]

The sequence carries a lesson the whole book keeps meeting. The rolling bearing does not win because rolling is
elegant; it wins application by application, at the moment friction, maintenance labour or reliability starts costing
more than the bearing's price. The bicycle crossed that line in the 1870s, the motor car in the 1900s, the railway
axle in the mid-twentieth century, the hard disk spindle in the 1990s — and crossed back when fluid films did the
job better. Each conquest is an economic event wearing an engineering costume. [s61]

The Patent Ledger

The ball bearing grew up inside the patent system, and its biography can be read in the ledgers of the patent
offices as clearly as in the machine shops. Philip Vaughan's 1794 specification at Carmarthen - balls running in a
groove between axle and hub - is the first entry: a complete design, described well enough to build, a generation
before the industrial world had machines precise enough to build it well. The idea was ready before the
metallurgy. [s39]

The nineteenth century filled the ledger slowly, then all at once. Jules Suriray's 1869 French patent put steel balls
into bicycle hubs and won a race with them; the patent mattered less as a monopoly than as a publication, a proof
on paper that a cheap ball in a well-shaped race could beat the empire of plain bearings at a job everyone could
see. Within a few years the bicycle trade had made the ball bearing a familiar object. (s3]

Friedrich Fischer's contribution was a machine rather than a product: the ball grinding mill of 1883 that made
hardened steel spheres round and identical in quantity. The patentable advance was not the bearing but the
means of making its most demanding part, and it turned the ball from a jeweller's curiosity into a commodity.
Wingquist's self-aligning bearing of 1907 added the next entry - a double-row ball bearing whose spherical outer
raceway forgave the bending of imperfect shafts, born from a specific complaint in a Gothenburg textile mill. (s

Across the Atlantic the ledger took a different turn. Henry Timken's tapered roller patents of the 1890s aimed at
the wagon axle and ended by conquering the automobile; the American bearing industry that grew from Canton,
Ohio, was built on the roller as surely as the Swedish one was built on the ball. The two patent families divided
the work between them, and their descendants still do. [s12]

Read as a whole, the ledger tells one story: progress in rolling contact came in pairs - a design that asked for a
precision that did not yet exist, and a machine that supplied it. Vaughan waited for Fischer; Fischer's balls made
Wingquist's alignments worth making; and every entry rests on the metrology that let a patent office, a customer,
and a competitor agree on what had actually been built. [s39]



PART II

The Bicycle and the Ball

A Parisian mechanic, a race to Rouen, and the first mass market for
rolling motion. How the bicycle dragged the ball bearing out of the
patent office and onto the road.

The ball bearing entered mass production through a toy for adults. The bicycle boom of the 1860s and 1880s did more
than create a market; it created the first machine whose buyers could feel bearing quality directly, in their legs, at every
pedal stroke. A heavy hub or a grinding headset announced itself within minutes, and a smooth one sold itself the same
way. No industrial customer had ever given a component such an immediate, personal verdict. The chapters in this part
follow the consequences: a Parisian mechanic fitting steel balls to a racing bicycle and winning with them, the patent
filings that multiplied as the boom crested, and the collision between the new component and the era's defining industrial
problem - the factory line shaft, whose hundreds of metres of spinning steel turned bearing friction into a standing tax on
every machine it drove. The bicycle taught the world that rolling beats sliding in a way anyone could feel; the factory
taught it that rolling beats sliding in a way anyone could cost. Between those two lessons the ball bearing stopped being a
curiosity and became a business.

CHAPTER 20

Paris, 1869

If Philip Vaughan gave the ball bearing its legal birth, a Parisian bicycle mechanic named Jules Pierre Suriray
gave it its public life. On 2 August 1869, Suriray was granted French patent 86,680 for "Perfectionnements dans les
vélocipedes" — improvements in bicycles — covering the use of ball bearings in the machine that was then
sweeping Paris: the vélocipede, the boneshaker, the first true bicycle craze. (s3]



Suriray was not working in a vacuum. The historical record collected in Louis Baudry de Saunier's 1891 general
history of cycling shows ball bearings already patented for bicycles in France in 1857 by Courtois, Tihay and
Defrance, and in the United States in 1861 under patent 32,604. (s3] Ideas travel in flocks; the bearing was in the air
of the 1860s. What separated Suriray was not priority but proof.

That November came the event historians of both cycling and technology return to: the Paris—Rouen road race of
November 1869, counted as the world's first bicycle road race. It was won by James Moore, an Englishman living
in Paris, riding a bicycle — believed to have been built by Tribout — fitted with Suriray's ball bearings. (s31 Over
more than a hundred kilometres of nineteenth-century French road, the advantage of rolling over grinding
stopped being a patent claim and became a result sheet. A machine whose hubs, pedals and steering turned on
balls simply wasted less of the rider's legs. The race made the point in the most legible way the nineteenth century
knew: in public, against the clock, with a winner.

MATERIAL THINKING

Notice where the bearing first won: not in a factory or a battleship but in a toy of the fashionable classes, a machine
powered by breakfast. The bicycle was the first machine whose buyer personally supplied the watts, so it was the
first machine where every wasted watt was felt in the knees. Friction became a consumer complaint, and the ball
bearing became a consumer product.

The bicycle boom that followed — through the high-wheelers of the 1870s and 1880s to the safety bicycle of the
1890s — created the first sustained mass demand for ball bearings in history. Every bicycle needed bearings at
the hubs, the steering head, the pedals and the bottom bracket; every boom season meant orders by the barrel.
The demand pulled exactly the supply response the idea had been waiting for, and it pulled it out of one
particular town on the river Main. But before Schweinfurt could answer, someone had to solve the problem that
had defeated Rome, Leonardo and Vaughan alike: how do you make a perfect ball?

CHAPTER 21



The Safety Machine

The vehicle that turned the bearing into a mass market was not the high-wheeler but its successor. The safety
bicycle — two equal wheels, a diamond frame, a chain driving the rear wheel — appeared in the 1880s and
democratised cycling within a decade, putting women, the elderly and the merely unathletic onto two wheels for
the first time. Every safety bicycle needed bearings at the hubs, the headset, the pedals and the bottom bracket,
and it needed them cheap, sealed against road dirt and light. [s53

The demand shock was enormous by the standards of any earlier precision trade. Bicycle production in the 1890s
ran to millions of machines a year across Britain, America, France and Germany, and each machine was a
standing order for a dozen or more ball bearings. It was this volume that justified Fischer's grinding machines,
drew SKF's founders toward self-aligning designs, and taught a generation of engineers that precision
components could be commodities. The automobile, when it came, inherited a bearing industry the bicycle had
already built. [s53]

Why Round Is Hard

A ball bearing is only as good as its worst ball. The load inside a bearing does not distribute itself politely; it
concentrates on the balls that happen to be largest and hardest at that instant, while out-of-round balls hammer
the raceway thousands of times a minute. A bearing built from crude balls is not a crude bearing — it is a bearing
on its way to failure, and in a carriage hub or a mill shaft, failure means fire, wreckage or a stopped factory.

Before the 1880s, balls were made by hand or by rudimentary turning and tumbling: forged, filed, rolled between
plates, polished in drums with abrasive. Such balls were adequate for a curio, a valve, a slow hub. They were
neither round enough nor identical enough for precision machinery, and they were expensive precisely because
each one consumed skilled attention. The economics locked the physics in place: no cheap balls, no cheap
bearings; no cheap bearings, no mass applications; no mass applications, no industry.

This is the hinge on which the whole book turns. The ball bearing did not become one of the most important
objects on Earth because someone patented the arrangement of its parts — Vaughan had done that in 1794, and
Leonardo had drawn the essence of it in 1500. It became important because someone invented a machine that
could grind steel balls round, hard, identical and endless. That someone was a locksmith's son in Schweinfurt, and
his machine deserves its own part of this book.

Consider what a bicycle asks of a ball. A rough ball is not merely inefficient; it is self-destroying. Every high spot
on a sphere concentrates the contact pressure until the metal yields, and each yielding makes the sphere less
round, which concentrates the next contact further. Hand-finished balls of the gun and instrument trades could
be made round to perhaps a few thousandths of an inch by patient lapping — adequate for a slow trolley wheel,
hopeless for a racing wheel at road speed. The bicycle's gift to the industry was to make roundness a quantity of
commerce: something to be specified, measured, priced by the grade, and chased down the decades until ball
tolerances were quoted in millionths. [s15]



PART III

The Perfect Sphere

Friedrich Fischer, a grinding wheel tilted 1.9 degrees, and the town that
ground itselfinto the centre of an industry.

A ball bearing is only as good as its balls, and a ball is only as good as its roundness. This is the manufacturing problem at
the industry's heart: not inventing the bearing, which any competent mechanic could sketch, but making a sphere
accurate to millionths of a metre, thousands of times a day, at a price a bicycle maker could pay. The solution came from
Friedrich Fischer of Schweinfurt, whose grinding machine of 1883 - a wheel tilted at a precise angle, turning balls against
a grooved plate - first made precision spheres a product rather than a miracle. The chapters in this part follow what
Fischer unlocked: the transformation of ball-making from jewellery to industry, the clustering of bearing manufacture
around Schweinfurt that would later make the town a target of strategic bombing, the parallel development of the lapping
and measuring arts that turned 'round' into a certified number, and the quiet emergence of a trade in the balls themselves
- the one component every bearing maker, whatever their rivalry, buys to the same unforgiving specification. The perfect
sphere is where the industry learned that precision is not a property you inspect into a product. It is a process you build.

CHAPTER 23

Fischer's Mill

Friedrich Fischer was born in Schweinfurt on 19 March 1849, in a town of metalworkers on the Main. He was a
machinist and tinkerer, and in 1883 he built the machine that the industry now regards as its founding artefact:
the ball grinding mill, a device that could grind steel balls to a truly round state in large volumes for the first time.
[S4]



Friedrich Fischer's 1883 ball grinding machine made the perfect steel sphere a mass product.

The elegance of the machine is in one detail. Fischer tilted the grinding wheel by 1.9 degrees. That small
inclination forced each ball, as it was ground between the wheel and its opposing plate, to rotate on more than
one axis — so that no bump or flat could hide in a preferred orientation, and abrasion attacked the ball from
every direction until only a sphere could survive. [s4] It is the same principle a child uses rolling clay between two
palms, translated into cast iron, abrasives and patience. Random rotation plus grinding equals roundness. With
that, the fundamental input of the bearing industry — the accurate, hard, repeatable ball — became a
manufactured commodity rather than a craftsman's miracle.

The paperwork trailed the machine, as paperwork does. Fischer received the German imperial patent for his ball
grinding machine on 17 July 1890, and a British patent, number 10925A, in 1895. [s4] The year 1883 is officially
treated as the founding year of his company. In 1896 he won permission to build a new plant near Schweinfurt's
railway station — a step, as the company's own history puts it, toward a new industrial dimension — and that
plant produced ten million balls per week. The company was incorporated a year later. [s4]

Fischer did not live to see what he had started. He suffered a stroke and died on 2 October 1899, aged fifty,
childless, leaving 400 employees and a company caught in a crisis of the industry's own making: overproduction,
competitive pressure and protective tariffs. (s4] The firm survived him. In 1905 the brand FAG — Fischers Aktien-
Gesellschaft — was registered in Berlin, and it is protected in over a hundred countries today. [s4] A century and a
quarter after the grinding mill, Schaeffler, the group that now owns FAG, marked the 125th anniversary of the
machine's patenting as a date in its own foundation story. [s361 The AMMA industry timeline is blunt about what
1883 means: the year FAG began grinding balls of equal size and roundness is the year an independent bearing
industry was created. [514]

Schweinfurt: The Town the Ball Built

Industries usually scatter. The ball industry clustered. Through the late nineteenth and twentieth centuries, an
extraordinary share of the world's capacity to make bearings concentrated in and around Schweinfurt —



Fischer's works, the Vereinigte Kugellagerfabriken (VKF), Fichtel & Sachs, and the supplier, tooling and skilled-
labour ecosystem that grows around precision grinding. Schaeffler's own historical writing describes how
Fischer's process revolutionised the ball bearing industry and made Schweinfurt its centre. [s4][s37]

Why a cluster? Because precision ball grinding is not a recipe you can post; it is a tacit art. It lives in machine
builders who know how to build grinding machines, in setters who know how to dress a wheel, in steel suppliers
who know what a bearing melt must be, in a labour market where a grinder's skills are understood and priced.
Once a town holds that knot of knowledge, entrants come to it and rivals grow beside it. Schweinfurt became to
bearings what Sheffield was to cutlery and what Detroit would be to cars — the address of an industry.

The concentration was so complete that, four decades after Fischer's death, the most powerful air force on Earth
would look at a map of Germany and decide that this one medium-sized town on the Main was a point where the
entire German war machine might be cut. Part VII of this book tells that story. For now, hold the image: an
industry born from a 1.9-degree tilt, grown so dense in one town that by 1943 the town's name appeared in the
targeting folders of the Combined Bomber Offensive.

The cluster logic that drew Fischer also fed on itself. Once FAG's machines proved the demand, Schweinfurt
attracted the suppliers, the toolmakers, the heat-treaters and the rival works; by the early twentieth century the
town housed several major bearing producers within walking distance of each other, and its name became
shorthand in Allied intelligence files for the whole German bearing industry. Industrial districts of this kind —
where one product's whole tacit knowledge lives in a few square kilometres — deliver enormous peacetime
efficiency, and, as 1943 would show, a single point of catastrophic wartime failure. 54591

How a Ball Is Made Today

The modern process for making a bearing ball is Fischer's logic industrialised into a pipeline. The industry
description used here follows the engineering reference published by GlobalSpec, which lays out the stages from
wire to mirror finish. (s15]

It begins with steel wire or rod, cut into slugs, each slightly oversize for the finished ball. The slug goes to a header
— a cold-forming press that slams it between two hemispherical dies under ten to twenty tons of pressure, a
process fast and loud enough that operators wear ear protection. What emerges is a raw ball with a ragged
equator of excess metal called flash. [s15]

Flashing removes that belt of excess by rolling the balls between heavy plates — cast-iron plates rotating in
opposite directions, or grooved plates, one moving, one still. Some makers then soft-grind the still-unhardened
balls with an abrasive wheel. Then comes the transformation that makes a ball a bearing ball: heat treatment. The
balls are heated to roughly 1,500°F, quenched in oil, and reheated to about 325°F, emerging through-hardened —
hard all the way through, not merely cased. [s15] Descaling strips the oxide skin the furnace leaves behind, and
then the ball meets its destiny in the grinding room: rolled between a steel plate and a fine-grit grinding wheel to
final size and roundness, in the direct line of descent from Fischer's tilted wheel. Lapping — a slow roll between
two hardened plates, one fixed, one turning — superfinishes the surface to a mirror. Washing, optical inspection
for scratches, and sizing complete the journey. [s15]

Sizing deserves its own paragraph, because it is where precision becomes a product. No two balls are perfectly
identical, so they are graded. International standards — ISO 3290-1, DIN 5401, JIS B 1501, ABMA Standard 10A,
ASTM F2215 — define ball grades by sphericity and diameter variation; the lower the grade number, the tighter
the tolerance. [s15] A ball bearing is assembled from balls of one grade, matched to the races they will run in. This
invisible bureaucracy of tolerances is as much a part of the industry as any factory: it is what lets a bearing made



in Japan replace a bearing made in Germany on a shaft in Brazil, sight unseen.

The Lapping Plate

The last word in a ball's manufacture belongs to lapping, and it is worth pausing on because it is where roundness
actually happens. After the blank is headed, flashed, heat-treated and ground, the balls run between two cast-iron
plates — one rotating, one stationary — charged with abrasive slurry. The plates do not cut the balls to shape; the
balls cut each other, wandering in their grooves so that every high point meets an opposing surface until the
errors average themselves away. Geometry by statistics: a thousand imperfect spheres grinding one another into
agreement. [S15]

Lapping is also the step where the grades are decided. Time on the plates, abrasive fineness and pressure sort
output into the tolerance classes the catalogues sell — the ordinary ball for the skateboard wheel and the Grade 3
ball for the gyroscope separated by hours on the same kind of machine. Fischer's original insight, that a grinding
process could make spheres worth selling, reaches its final form here: the perfect sphere is not carved but
converged upon. [515]

The Business of Balls

Fischer's death in 1899 could have ended the story; his company was in crisis and childless. Instead the firm he
left became the nucleus of a dynasty. In 1905 the FAG mark — Fischers Aktien-Gesellschaft — was registered in
Berlin. In 1909 the company merged with the neighbouring shop of locksmith Georg Schéafer to become
Kugelfischer Georg Schéfer, the form in which it dominated German bearing production for most of the twentieth
century. [s4][s10] By 1943, as Part VII recounts, the Kugelfischer plant alone was credited with 22 percent of
Germany's ball bearing output. [s91 In 2001 the Schaeffler Group — itself founded on Georg Schéfer's post-war
needle-bearing business — acquired FAG, folding the ball's founding firm into the family of its onetime
neighbour. Today the FAG brand, protected in over a hundred countries, survives inside Schaeffler's Bearings &
Industrial Solutions division. [s41(s18]



A Gothenburg textile mill's misaligned line shafts led Sven Wingquist to the self-aligning bearing and to SKF.

The ball itself also became a standalone trade. Balls are bought and sold between companies: specialist ball
makers supply bearing makers, who mix purchased and in-house production. In America, the Hoover Steel Ball
Company was founded by Leander ]. Hoover in Ann Arbor in 1913. (s14] In 1918, SKF — already thinking like a
supply-chain strategist — acquired the Atlas Ball Co. of Philadelphia specifically to secure its supply of steel balls
in the United States. [s71 The modern standards catalogue tells the rest of the story: balls traded globally under ISO
3290-1, DIN 5401, JIS B 1501, ABMA 10A and ASTM F2215, in grades running from commercial to super-precision.
is151 Tens of millions of bearing balls are produced annually — near-perfectly round, mirror-finished, and so
ordinary that their perfection goes unremarked. [s15]

There is a useful way to summarise the whole part: the nineteenth century invented the ball bearing four
separate times — in a Welsh ironmaster's patent, in a Parisian mechanic's bicycle hub, in a Schweinfurt grinding
mill and in a Gothenburg textile mill's test shop — and each invention completed the others. Vaughan contributed
the architecture, Suriray the market, Fischer the means of production, Wingquist the forgiving design and the
global company. An industry is not a eureka; it is an assembly.



PART IV

The Science of Contact

A physicist's side project, an engineer's curve, and the mathematics that
told an industry how long its products would live.

For its first decades the bearing industry ran on craft and confidence: makers knew their bearings worked, and roughly
how long, but could not say why in numbers. The transformation of that knowledge into science is the subject of this part,
and it is one of the great uncelebrated achievements of applied physics. It begins with Heinrich Hertz, who in 1882 solved
the mathematics of two elastic bodies pressed together - a physicist's side project that became the industry's foundation
stone. It continues through Richard Stribeck, whose systematic load tests turned the bearing from a catalogue claim into a
measured curve, and through the Swedish school of Lundberg and Palmgren, who fused Hertzian stress with Weibull's
statistics of survival into the first theory that could predict a bearing's life from first principles. And it runs forward to
elastohydrodynamic lubrication, the theory that finally explained the impossible film of oil on which every rolling contact
rides. The practical consequence of all this mathematics is easy to miss: it made the bearing promise-able. A machine
designer anywhere on earth can now specify a bearing by number and know, within known odds, how long it will live.
That calculability - the conversion of a steel ring into a statistic you can build on - is what let the bearing become invisible.

Hertz Touches the Problem

Heinrich Hertz is remembered for radio waves. The bearing industry remembers him for a paper he published in
1882, in the Journal fiir die reine und angewandte Mathematik, titled Uber die Beriihrung fester elastischer
Korper — on the contact of elastic solids. [s29] (s62] The question it answered is the question inside every ball
bearing: when two curved elastic bodies are pressed together, how big is the contact patch, and how is stress
distributed inside them?

A ball under load does not touch its raceway at a mathematical point. It flattens into a tiny ellipse of contact, and
the stresses peak not at the surface but just beneath it, in the subsurface material. Hertz's equations let an
engineer compute that contact ellipse and those subsurface stresses from load, geometry and elastic constants.
The consequence is the central fact of bearing life: a rolling bearing does not die of friction. It dies of fatigue — the
subsurface stress, cycled millions of times, nucleating cracks that eventually break out as flakes of metal, the
failure mode called spalling. Everything in bearing engineering — steel cleanliness, heat treatment, surface finish,
lubrication, load ratings — is an attack on that fatigue process. The ASME's history of tribology pairs Hertz with
the man who carried his theory into the bearing laboratory, Richard Stribeck. (s30]

It is worth pausing on the date. Hertz published in 1882; Fischer built his grinding mill in 1883. Theory and
manufacture arrived within a year of each other, independently, in the same country. The industry that resulted
was one of the first to be simultaneously a science and a trade — a pattern that would repeat in semiconductors a
century later.

Stribeck Measures It



Richard Stribeck, working at the Institute of Technology in Dresden, did for the bearing what Hertz could not: he
measured it. In 1902 he presented a report comparing ball bearings and plain bearings from a scientific point of
view — load capacity, friction, behaviour under real running conditions. (ss] His name survives in the Stribeck
curve, the fundamental map of lubrication regimes — how friction between surfaces varies with viscosity, speed
and load, from boundary contact through mixed lubrication to a full separating film. [s30

Stribeck's 1902 report did something beyond physics: it convinced a careful reader in Sweden that ball bearings
had a future worth betting a career on. That reader was Sven Wingquist, a young operating engineer fighting
failing bearings in a textile mill in Gothenburg, and his own account records that he "carefully studied" Stribeck's
comparison before setting up a test workshop inside his factory. ;ss1 A Dresden laboratory report, read closely on
the Swedish west coast, helped found SKF. Science in this industry was never decoration; it was recruitment.

The Life Equation

By the early twentieth century the industry could make excellent bearings, but it answered the customer's most
practical question — how long will it last? — with experience and hope. The conversion of fatigue from folklore
into engineering came from inside the industry itself, from SKF's research laboratory in Gothenburg, in the work
of Gustaf Lundberg and Arvid Palmgren.

Their theory, published beginning in 1947 in the work known in English as Dynamic Capacity of Rolling Bearings,
took Weibull's statistics of material strength and applied them to the stressed volume beneath the raceway,
producing a mathematical model of bearing fatigue life. (s31] Out of it came the industry's everyday currency: the
basic rating life, L10 — the life, in millions of revolutions, that 90 percent of a group of identical bearings will
reach or exceed under a given load — and the basic dynamic load rating C, with the disarmingly simple life-load
relation L = (C/P)P, where the exponent p is 3 for ball bearings. A century of refinement later, a historical review
of the formula published in 2024 could still title itself "A Century of Rolling Bearing Life Formula," because the
Lundberg-Palmgren core remains the skeleton under the modern ISO 281 standard. (s33] NASA's bearing
researchers, revisiting Palmgren's work fifty years on, treated it as the basis of all rolling-bearing life prediction,
including their own. [s32]

The meaning of the life equation for the industry is hard to overstate. It turned the bearing from a commodity you
hoped in to a component you designed with. An engineer could now specify a bearing for a defined duty and a
defined probability of survival; a manufacturer could warrant performance; a buyer could compare catalogues
on numbers rather than reputation. The whole modern apparatus of bearing selection software, application
engineering and failure analysis stands on Lundberg and Palmgren's Gothenburg statistics.

The Film That Saves Everything

There is one more layer of physics, and it is the strangest: under full speed, the ball and the raceway never truly
touch. The ABMA timeline marks 1960 as the year elastohydrodynamic theory — EHL — explained the
mechanism by which bearings and gears actually work. (s14] In the contact ellipse, pressures are so extreme that
the lubricant's viscosity rises by orders of magnitude and the steel itself elastically flattens; the oil is trapped,
compressed and dragged through the contact as a film thinner than a wavelength of light yet strong enough to
keep metal from metal. A running ball bearing is, in a precise sense, riding on a self-generated wafer of
pressurised oil.

EHL closed the loop of understanding. Hertz had mapped the dry contact; Stribeck had mapped the lubrication



regimes; Lundberg and Palmgren had statistics for the fatigue that survived them; EHL explained why a well-
lubricated bearing could beat its fatigue statistics, and why a starved one failed early. It also explained the quiet
hero of the whole system: grease. Most ball bearings in the world are lubricated for life with grease sealed in at
the factory — a detail so ordinary it escapes notice, and so load-bearing that modern hybrid bearings advertise, as
a headline benefit, grease life extended by up to eight times. (s23) When SKF's researchers published their 2024
study of electrical erosion in electric-vehicle bearings, they ran their single-contact experiments explicitly under
elastohydrodynamic conditions — the 1960 theory is still the bench on which the industry's newest problem is
dissected. [s26]

The Steel Underneath

Physics tells you what kills a bearing; metallurgy tells you what to build it out of. The industry's answer, settled
early and held for over a century, is a high-carbon chromium steel known in the American designation as AISI
52100 — roughly one percent carbon, about one and a half percent chromium, through-hardened to the
neighbourhood of 60 on the Rockwell C scale. NASA's technical history of rolling bearing steels traces how this
composition became the world's default bearing material, and how the real progress of the twentieth century
came not from changing the recipe but from cleaning it. (s34]

The enemy is the inclusion: microscopic oxide and slag particles trapped in the steel melt. Each inclusion is a pre-
loaded crack starter sitting exactly where Hertz's subsurface stress peaks. The history of bearing steel is therefore
a history of deoxidation and refining — from open hearth to vacuum degassing to ladle metallurgy — each step
cutting oxygen content and inclusion counts, each step multiplying fatigue life. Japanese steelmakers documented
the climb: research published through ISI] International on high-carbon chromium bearing steel tracks the drive
toward ever-lower oxygen and tighter inclusion control that underpins the long-life bearings of the modern era.
[s35] Current research continues down the same road — a 2022 paper in Nature Materials examined low-oxygen
rare-earth steels as the next frontier of inclusion engineering. [s35]

MATERIAL THINKING

The bearing is a democracy of molecules: the load is carried by the steel's weakest neighbourhoods. The industry's
century-long war on inclusions is a material proof that quality is not a finish you polish on — it is decided in the
melt, kilometres upstream of the product anyone sees.

Beyond 52100 lie the specialists: stainless 440C for corrosion duty; M50 and other tool steels for jet-engine
mainshaft bearings that run hot and fast; case-carburising steels for shock; and, at the frontier, no steel at all in
the rolling elements — silicon nitride ceramic balls, the subject of Part XI. [s34]

The Curve and the Regimes

Stribeck’s curve deserves its own chapter, because it is the map on which every lubrication decision in this
industry is made. Plot bearing friction against a combination of viscosity, speed and load, and the line falls steeply
from the high friction of boundary contact — surfaces touching, chemistry of the lubricant doing the work —
through a mixed regime, to a minimum, and then rises gently into the hydrodynamic and elastohydrodynamic
regime, where a full fluid film separates the surfaces and friction is the internal drag of the lubricant itself. [s30]
Every start-up of every machine crosses that curve from left to right; most bearing wear happens on the left, in
the first seconds before the film forms.



The curve explains a dozen practical commandments at once: why a bearing that runs well at speed can destroy
itself in slow oscillation (it never climbs into the film regime); why grease quantity is a compromise (too much
raises the right-hand drag, too little starves the film); why high-speed bearings want thin oil and slow, loaded
bearings want thick; and why a stationary machine under vibration fails by false brinelling, as micro-motion
squeezes the lubricant out of the contacts without ever building a film. (ss61 One curve, learned in Dresden in 1902,
still governs the daily work of every rotating-equipment engineer on Earth. [s30]

The curve divides into three regimes, and every bearing failure story lives in one of them. In boundary
lubrication the film has collapsed and the load rides on molecular layers and on the asperities themselves —
friction is high and wear is certain. In mixed lubrication the film carries part of the load and the high spots still
touch; most slow, heavily loaded bearings live their whole lives here. In full elastohydrodynamic lubrication the
surfaces never touch at all, and the bearing's only enemy is the fatigue clock in the steel beneath. Stribeck's curve
gave designers the map: choose speed, viscosity and load so the machine runs to the right of the minimum, where
friction is low and the metal is safe. [s56]

The Statistics of Survival

Bearing life is a population property, and the industry was honest about that early. Identical bearings under
identical laboratory conditions reach different lives — sometimes an order of magnitude apart — because fatigue
nucleates at random inclusion sites. [sse] That is why the rating is L10, a percentile: the life 90 percent of a
sufficiently large group will attain or exceed. (s31](s56] Lundberg and Palmgren's achievement was to derive that
scatter from Weibull's theory of material strength, tying the survival probability to the stressed volume, the depth
of peak shear stress, and the number of stress cycles — which is why cleaner steel (fewer nucleation sites) directly
buys life, and why the whole bearing can be sized from one load rating C and one exponent. [s31] [$33]

Modern practice layers correction factors onto the 1947 core — for lubrication condition, contamination, and
material quality, the modern ISO 281 framework — but the skeleton is unchanged, and the 2024 centenary review
of the life formula makes clear how much of today's selection software is Lundberg and Palmgren with better
inputs. (s33) For the customer, the statistical framing is a quiet gift: no honest bearing maker promises that your
bearing will last; they promise what ninety percent will do, and sell you the distribution.

The convention that came out of their work is worth stating plainly because the whole industry speaks it. L10 is
the life, in millions of revolutions, that ninety percent of an apparently identical group of bearings will complete
before the first sign of fatigue. It is a reliability statement, not a promise: one bearing in ten is expected to fail
sooner, and the best of the group will run many times longer. Later standards layered adjustment factors on the
basic rating — for material cleanliness, lubrication regime and desired reliability — but the architecture
remained Lundberg and Palmgren's: bearing life as a probability distribution, engineered by moving the whole
curve. [S31][S56]

The Materials Frontier

The bearing's material story did not end with 52100. NASA's technical history of rolling bearing steels lays out the
family tree that grew around the workhorse: stainless 440C where corrosion rules; case-carburising steels where
shock and crack tolerance matter; and the high-speed tool steels — above all M50 — that keep their hardness at
the temperatures of a jet engine's main shaft, where 52100 would soften and creep. [s34] Each alloy is a bargain
struck between hardness, toughness, temperature, corrosion resistance and cost, and each application picks its
bargain.



The deepest material shift of the modern era is the move off steel entirely, at least in the rolling elements. Silicon
nitride — an engineered ceramic, lighter than steel, harder, electrically insulating, indifferent to poor lubrication
— is the ball of the hybrid bearing, and its benefits are now measured in the field language of Chapter 42: up to 25
percent more speed, up to half the friction, up to eight times the grease life. (s23) The catch is manufacturing:
ceramic balls are sintered, ground and lapped with even less forgiveness than steel, and the peer-reviewed
literature names defect control during grinding and lapping as the decisive variable in their fatigue reliability.
1s491s16] The frontier of bearing materials is still, as it was in Fischer's mill, the frontier of how well you can finish
a sphere.

The standard material itself hides a century of refinement. The chrome steel designated 52100 in the American
system — roughly one percent carbon, one and a half percent chromium — has been the default bearing steel
since the early twentieth century, and everything about it is a compromise that won: hardenable through the
section, dimensionally stable, grindable, cheap enough to make by the million tonnes. Where it fails is
temperature and corrosion, and there the frontier materials take over: M50 tool steel holds hardness in jet-engine
heat, stainless grades serve food and marine duty, and silicon nitride leaves metals behind entirely — lighter,
harder, insulating, and indifferent to poor lubrication. [s34]s23]

The Long Supply Chain

Trace a finished bearing backwards and you map a surprising share of heavy and precision industry. At the far
end: iron ore, chromium and energy, feeding the specialist melt shops that produce bearing-grade steel under
vacuum degassing and inclusion control. [s34s35] The steel leaves as bar, tube and wire; the wire goes to the ball
plants, the tube and forgings to the ring plants. Around the producers stand the enablers: the machine-tool firms
who build heading machines, grinding machines, honing and superfinishing lines; the abrasives industry that
makes the wheels and stones; the grease chemists; the elastomer and pressing suppliers for seals and cages; and
the metrology industry — roundness testers, vibration analysers, optical inspectors — without which precision
cannot be proven, only claimed. [s15]

The chain's fragility is exactly its precision layers. Commodity steel is abundant; bearing steel is not. Grinding
machines are buildable; grinding capability — machines plus wheels plus recipes plus people — takes a
generation. The early-2026 price signal from the Chinese industry's own monitoring — specialty-steel escalation
plus constrained high-precision grinding capacity — shows both layers binding at once in the world's largest
bearing economy. [s16] Every country that industrialises discovers this chain in the same order: first you import
the bearings, then you assemble them, then you make them, and last — if you ever arrive — you make the steel
and the machines that make them.

The Solid Slip

0il is a wonderful lubricant with a fatal list of exclusions. It boils away in vacuum, creeps where it is not wanted,
carbonises in heat, freezes in cold, and demands replenishment. For a large and growing territory of machinery -
spacecraft above all, but also ovens, vacuum furnaces, clean rooms, and instruments that must run for years
untouched - the lubricant has to be a solid. The two workhorses are graphite and molybdenum disulfide, and
between them they lubricate a surprising share of the machines that oil cannot reach. (s70]

Both are layer-lattice solids: their atoms stack in sheets that bond strongly within the sheet and weakly between
sheets, so the layers shear over one another like a deck of cards being pushed askew. Rubbed onto a bearing
surface, or burnished into it, or sputtered onto it as a film microns thin, they let steel slide on a low-friction skin of



themselves. The crucial difference between the two is atmospheric. Graphite lubricates well in air - it actually
needs adsorbed water vapour between its sheets to reach its lowest friction, which is why graphite can turn
abrasive in vacuum. Molybdenum disulfide is the opposite: it lubricates superbly in hard vacuum and inert gas,
which is why it became the default solid lubricant of the space age, used in CV joints on Earth and in the
mechanisms of satellites above it. Hexagonal boron nitride - white graphite - covers the highest temperatures. (s70]

The engineering consequence for bearings is a whole parallel design tradition. A ball bearing for a satellite's
reaction wheel or a scanner in a vacuum chamber cannot be greased in the ordinary way; the volatile fractions of
the grease would evaporate, fog optics, and leave the races dry. So the industry learned to run bearings with
sputtered MoS2 films, with cages made of self-lubricating composites that transfer a thin lubricating skin to the
balls as they pass, and with silver or lead coatings where the duty demands it. The cage, elsewhere the most
overlooked part of the bearing, becomes the lubricant reservoir - a slow, solid dispenser that feeds the contact for
fifteen years with no servicing possible. (s70

There is a pleasing conceptual point here. The lubricant film in an ordinary bearing is a liquid a fraction of a
micron thick; in a space bearing it is a solid a fraction of a micron thick. In both, the entire function of the
machine element depends on an almost invisibly thin layer between two steel surfaces behaving correctly for
years. Bearing engineering, at its heart, is the management of that layer. Whether it is oil, grease, graphite,
molybdenum disulfide, or the magnetic field that replaces all of them in a contact-free bearing, the industry exists
to keep two surfaces that must never quite touch from touching - reliably, measurably, and for as long as anyone
asks. [570]

The Thrust Question

Rolling's oldest documented problem is not the one the ball bearing is famous for. The radial load - the cart's
weight pressing down on its axle - is the usual story. But the first unambiguous rolling bearings in the historical
record were built for thrust: the vertical load of a shaft pressing down its own axis. The platforms from the Nemi
ships, with their bronze balls, were apparently built to carry rotating statues turning on vertical spindles;
Leonardo's most developed bearing drawings, in the Codex Madrid I, are studies of thrust - the revolving thrust
bearing with balls separated in individual pools, and the pressure-resistant ball bearing he drew for loaded
vertical shafts. [s13] [s46]

The reason thrust came first is worth pausing on. A vertical shaft carrying a heavy turntable concentrates its
entire load on a single small patch at its foot - a pivot that wears, seizes, and drags. Rolling elements placed under
that point convert the drag into rotation, and the benefit is immediate and large; no other single improvement
does as much for a loaded vertical shaft. The horizontal axle, by contrast, spreads its load along its length and can
be managed, at a cost, with plain bearings and grease - as the watermill's long history proves. Necessity's
arithmetic therefore pointed at thrust bearings first, and the record reflects it: the cleverest bearing archaeology
we possess is all about vertical shafts. [s44] [s46]

The modern thrust bearing is a whole sub-family of its own - thrust ball bearings with their washer-like races,
tapered and cylindrical thrust rollers for heavier duty, spherical thrust rollers that self-align under misalignment
- and it carries some of the most concentrated loads in engineering: ship propeller shafts pushing the sea, crane
hooks, rock-crusher cones, the tailstock and headstock thrusts of machine tools, the screw-downs of rolling mills.
The propeller case is the most evocative: the entire thrust of a ship's propeller, tens or hundreds of tonnes of push,
transfers into the hull through one bearing assembly, and that assembly is the descendant, in a straight
conceptual line, of the bronze-ball platforms that carried statues on Caligula's barges. (s55] [513]



The Vocabulary of Rolling

The rolling-bearing family is small enough to hold in the mind and exact enough that the distinctions matter.
Everything in it answers the same question - how shall the load cross from the rotating part to the still part? - and
the variants differ in the shape of the rolling element, the direction of load they accept, and the misalignment they
forgive. A working vocabulary of the family is most of the way to understanding any machine that turns. (sse

The ball bearing is the generalist: point contact, low friction, high speed, moderate load, and a tolerance of
combined radial and light thrust loads - the default answer when nothing extreme is demanded. Where load
grows, the family turns from points to lines. The cylindrical roller bearing trades the ball's point for a roller's line
contact and carries heavy radial loads with ease, but wants nothing to do with thrust. The tapered roller bearing
angles its rollers and races so the contact lines converge on the shaft axis, carrying radial and thrust loads
together - the design Henry Timken built an empire on, and the reason wheel hubs and gearboxes run in pairs.
The spherical roller bearing, barrel-shaped rollers in a spherical outer race, carries enormous loads and swallows
misalignment and shaft deflection whole - the bearing of rolling mills, crushers, and vibrating screens. And the
needle bearing - long, thin rollers in a thin shell, the Torrington company's signature contribution - packs line
contact into a radial space so small it can hide inside a gearbox where no other bearing fits. (ss6] [s68]

Each of these shapes is an argument about contact. The ball's point contact minimises friction and maximises
speed but concentrates stress; the roller's line spreads stress and carries load but adds friction and demands
alignment; the tapered and spherical forms buy load capacity or forgiveness with complexity and cost. The
catalogue's rows are this argument tabulated, and the application engineer's craft is reading a machine's loads,
speeds, alignments, and spaces back into the right row. The family has been stable for a century - no
fundamentally new rolling element has displaced these shapes - because each occupies a true optimum. What
changes is not the geometry but everything around it: the steels, the seals, the lubricants, the sensors, and the
manufacturing precision that lets an old shape do new work. [sse]



PART V

The Companies the Ball Built

Mud in Gothenburg, carriages in St. Louis, workshops in Japan: how the
bearing invented its own industrial aristocracy.

Industries are made of companies, and the bearing industry made companies the way its products make motion: durably,
and with very little wasted movement. The founding generation reads like a tour of the industrial world's frontiers. In
Gothenburg, a textile engineer annoyed by failing German bearings invented the self-aligning design and founded SKF. In
Schweinfurt, Fischer's FAG ground its way to continental dominance. In Canton, Ohio, a carriage maker named Henry
Timken turned the tapered roller into an American industrial dynasty. In Connecticut, the needle makers of Torrington
found that the thinnest rollers opened spaces no ball could enter. In Japan, a cluster of houses - NSK, NTN, Koyo, Nachi -
built the industry from imported samples into national capability, and then into the world's standard. The chapters in this
part trace those foundings and what they share: a technical insight, a manufacturing discipline, and a customer
relationship hardened into an institution. They also trace the industry's distinctive stability. The six or seven houses
founded between 1883 and 1928 still hold over half the world market between them - a continuity almost without parallel
in modern industry, and the surest sign that the bearing's moat is made of accumulated process knowledge rather than
any patent or brand.

Wingquist and the Mud

Gothenburg, on Sweden's west coast, is built on clay. Buildings settle into it, and when buildings settle, the line
shafts of the factories inside them go out of alignment — sometimes by fractions of a millimetre, enough to load a
stiff bearing with forces it was never designed for. At the Gamlestadens textile mill, the main drive-shaft bearings
failed again and again; machines overheated, production stopped, and fire risk climbed. The German ball
bearings the mill ordered took months to arrive and were often of poor quality when they did. [s5] (s8]

The mill's young operating engineer, Sven Gustaf Wingquist — born 1876 in Kumla, son of a railway station
inspector, trained at Orebro Technical Elementary School and the textile college in Norrképing, with a formative
1896 trip to study American production — made the problem his own. He collected every technical development
on ball bearing technology in Europe, studied Stribeck's 1902 Dresden report closely, and persuaded the mill to set
up a small test workshop. s5] (s8] His insight was not to make a stiffer bearing but a forgiving one. In 1906 he took
a Swedish patent, number 24160, for a single-row self-aligning ball bearing; it aligned itself but was poor under
axial load. He kept working. [s5]

The solution, patented in 1907, is one of the elegant objects of mechanical history: two rows of balls, an ordinary
cylindrical bore in the inner ring, and an outer ring whose raceway is ground as a section of a sphere. If the shaft
tilts, the inner ring and balls simply swivel inside the spherical outer race and keep rolling; the load redistributes
itself among the balls. The bearing absorbs the building's movement instead of fighting it. (se]

On 16 February 1907, Wingquist and the owners of the Gamlestadens mill founded Aktiebolaget Svenska
Kullagerfabriken — SKF — with share capital of 110,000 kronor, Wingquist as managing director and Axel
Carlander as chairman. The patent application for the multi-row self-aligning bearing was filed on 21 May and



granted on 6 June as Swedish patent 25406, describing double-row and triple-row designs; applications went out
to ten countries and were granted in all of them within a short time. (s5] (s71 Wingquist then did the unfashionable
thing: he travelled Sweden for months and personally visited more than a hundred companies, taking orders as
he went. Orders in 1908 totalled 114,000 kronor; by 1920, SKF sold 53 million kronor of ball bearings, and within
eight years of its founding it had factories in 27 countries. [ss]

SKF Runs the World

SKF's own history timeline reads like a case study in how fast a component company could globalise in the first
age of mass machinery. Branch offices in Germany and France in 1908; a New York subsidiary and a Paris
workshop in 1909; Skefko registered in Britain in 1910 with a plant begun at Luton that opened in 1911 producing
about 180 bearings a day. By 1913 SKF had 3,200 employees and made 1.3 million bearings. In 1916 its shares
listed in Stockholm, it bought the Hofors ironworks to control its own steel, and it acquired the Hess-Bright
Manufacturing Co. of Philadelphia — followed in 1918 by the Atlas Ball Co., to secure the supply of steel balls in
America. 1919 closed with turnover of 100 million kronor and 14,000 employees. [57]

Two side stories show the bearing's gravitational field. In 1915 SKF began making a single-row bearing with a
filling slot, known internally as the "Volvo bearing" — volvo being Latin for "I roll." When two SKF employees,
Assar Gabrielsson and Gustaf Larson, wanted to start a Swedish car company, SKF financed it, and it was
Wingquist who insisted the cars carry that bearing's name: Volvo's first car rolled out of the Gothenburg factory
in 1927, and SKF sold the carmaker in 1935 to refocus on bearings. [s71(s81 And in 1947 SKF struck a supply deal
with Scuderia Ferrari, beginning what SKF describes as the longest uninterrupted technical cooperation in
Formula 1 history — the bearing as silent partner in every era of the sport. [57]

By 1970 SKF owned 67 factories in 13 countries and held over 20 percent of the world market. (s71 In 1995 it
introduced the CARB toroidal roller bearing, accommodating misalignment and axial displacement in one unit.
1s71And in 2024, 117 years after the mud of Gothenburg forced the question, SKF reported annual sales of SEK
98,722 million with 38,743 employees, representation in about 130 countries and some 17,000 distributor
locations — still, by market analysts' count, the ball bearing market's single largest player, with over 15 percent
share in 2025. [s17][s16]

The Cousin in St. Louis

The ball bearing's closest relative was invented across the Atlantic, in a carriage shop. Henry Timken, born 1831
in Tarmstedt in the Kingdom of Hannover, emigrated with his family to St. Louis as a boy in 1838, was
apprenticed to a German master carriage maker, and built himself into one of America's leading carriage
manufacturers — president of the Carriage Builders' National Association by 1895. [s10] His whole trade lived and
died on one mechanical complaint: friction. Timken said of the problem that the man "who could devise
something which would reduce friction fundamentally would achieve something of real value to the world." [s10]

The heavy wagon axle punished balls: loads too great, shocks too violent. Timken's answer, patented in 1898 with
Reginald Heinzelman under US patent 606,636, was the tapered roller bearing — conical rollers between conical
races, carrying enormous radial and thrust loads at once. [s101(s12] In 1899, at the very end of his career, he
founded the Timken Roller Bearing Axle Company in St. Louis. [s10] He died in San Diego in 1909; the company,
headquartered in Canton, Ohio, went on to become one of the bearing industry's permanent great powers. In
February 2025 it reported fourth-quarter 2024 sales of $1.07 billion, with full-year sales down 4.1 percent from
2023 — still a multi-billion-dollar enterprise a century and a quarter after the carriage shop. [s201 This book's



subject is the ball bearing, but the family album is incomplete without the cousin who proved the principle under
the heaviest loads on Earth.

Japan Enters the Race

The third bearing civilization grew in Japan, and the ABMA timeline marks its founding dates with unusual
precision. In 1916, Nippon Seikd Kabushiki-gaisha — NSK — was inaugurated and produced the first ball bearings
made in Japan. In 1927, NTN was established with capital of 50,000 yen. In 1928, Fujikoshi Steel Industry — Nachi
— was founded in Toyama City to make cutting and machine tools. [s14] Koyo, later folded into JTEKT, completed
the set. The Japanese makers began as import substitution and became, in the decades after 1945, the precision
vanguard of the industry — the firms that pushed tolerance, noise and miniature size to their limits while
German and American incumbents defended the heavy end.

The extreme of that trajectory is the miniature bearing. In 1951, Nippon Miniature Ball Bearing Co. was founded
in Tokyo as Japan's first specialist in tiny bearings; it became Minebea, later MinebeaMitsumi. (s22] In 2009 the
company broke the two-millimetre barrier in mass production, and on 28 August 2015 Guinness World Records
certified its 1.5-millimetre-outer-diameter steel ball bearing — measured at 1.4978 mm, with a 0.5 mm bore, 0.65
mm width, six steel balls and a retainer — as the smallest commercially available steel ball bearing in the world.
1s22] The company reported at the time that it held more than 60 percent of the world market for miniature ball
bearings up to 22 mm in outer diameter, on its own internal investigation. [s22] Somewhere near you right now —
in a fan, a hard drive, a dental drill, a drone — a descendant of that Tokyo workshop is spinning.

The Japanese industry remains a pillar of the present market: NSK reported increased sales and profits in fiscal
2024, driven by its industrial machinery bearings business, and market analysts place NSK, JTEKT and
MinebeaMitsumi with SKF and Schaeffler among the five firms that together held 54 percent of the global ball
bearing market in 2025. [s21][s16]

Japan's First Ball

Japan's bearing industry begins in the same decade as SKF and from the same cause: imported machines stopped
by imported components. Nippon Seiko — NSK — traces itself to 1914, when the Takeuchi Seisakusho works in
Tokyo began research into domestically made bearings, and to 1916, when the newly organised company
successfully developed Japan's first ball bearings and held its inaugural general meeting of shareholders on 8
November of that year. [s64]

The founding logic was explicitly strategic. Japan's textile mills, arsenals and railways ran on European bearings;
the First World War cut the supply exactly as it had cut Britain's a generation earlier; and domestic bearing
manufacture became a national project in every industrialising country that experienced the blockade years.
NSK's first products were the deep groove ball bearings the spinning frames needed — the same application that
had produced Wingquist's invention in Gothenburg. The geography differs; the textile mill is constant. [s64] (s8]

From that start NSK grew into the second pillar of the Japanese industry: bearings first, then automotive
components, precision machinery and linear motion, and a global plant network that eventually included the
purchase of Britain's RHP in 1990. The company that began as an import-substitution project ended the century as
an importer of whole national bearing industries. In 2025 the market analysts placed NSK among the five houses
— with SKF, Schaeffler, JTEKT and MinebeaMitsumi — holding 54 percent of the world ball bearing market
between them. [s64] [s16]



The Spinning Frame's Children

Japan's other bearing houses grew from the same roots by different paths. In Mie Prefecture in 1918 the
Nishizono Ironworks began producing ball bearings — the seed of NTN, which formalised as a bearing company
in the following decade and grew into a full-line maker whose constant-velocity joint bearings now ride in most of
the world's front-wheel-drive cars. In the Toyoda group's machine-making world — the loom empire that also
produced Toyota — Koyo Seiko grew as the bearing arm, and in 2006 fused with Toyota's machine-tool business to
form JTEKT, combining Koyo's bearings with steering systems in a single automotive supplier. [se6] [s65]

Nachi-Fujikoshi took the third path: from tools to bearings to robots. Founded in Toyama in the late 1920s as a
maker of cutting tools and saw blades, Nachi added bearings, then hydraulic equipment, then industrial robots —
vertical integration driven by the logic that a company which uses precision components should make them. Its
bearings still carry the toolmaker's signature: strong in the machine-tool and industrial segments where it is also
a customer of its own product. [s67]

By the 2020s the four Japanese houses held, between them, a quarter of the world ball bearing market — NSK,
JTEKT and MinebeaMitsumi named in the analysts' top five, NTN and Nachi-Fujikoshi just behind and listed
among the World Bearing Association's anti-counterfeiting members. [s16] [S24] A century after Japan's first
domestically made ball, the country is the industry's second pole: the precision end's deepest bench, built one
textile mill and one machine shop at a time. [s64]

The Swedish Century

SKF's interwar expansion, reconstructed from its own timeline, shows a component company becoming
infrastructure. Production hit a record of nearly 6.5 million bearings in 1924. In 1929 — the year its shares began
trading in Paris and New York — SKF bought seven German ball bearing factories and folded them into a new
company, Vereinigte Kugellagerfabriken AG, concentrating production at Schweinfurt and Cannstatt: the Swedish
challenger absorbing a large piece of Fischer's home industry. By 1939, on the eve of the war, SKF's turnover
stood at 460 million kronor with 40,000 employees. [s7]

Post-war, the same machine restarted: rebuilding completed at the German factories by 1951; new plants across
France, Spain, the Netherlands, Canada, Brazil; RIV of Italy brought in as RIV-SKF in 1965; rolling bearing
factories inaugurated in Poona, India in 1964 and Uitenhage, South Africa in 1966. Wingquist himself died on 17
April 1953, aged seventy-six. By 1959 turnover had reached 1.9 billion kronor with 45,000 employees; by 1970, 68
factories employed 67,700 people, 78 percent of them outside Sweden, and the company held over a fifth of the
world market. (s71 In 1976 the parent shortened its name from Svenska Kullagerfabriken to simply SKF — the
initials had become the brand. (571

Two quieter entries in the timeline matter to this book's method. In 1916 SKF bought the Hofors ironworks, one of
Sweden's oldest, to control its own bearing steel (s771 — the same vertical-integration logic that drove TimKken into
steelmaking in the same year. And in 1919 Arvid Palmgren designed the spherical roller bearing at SKF (s7] — the
same Palmgren who would later co-author the life equation of Chapter 12. The company that made the bearings
also made the steel, the mathematics and, for a while, the cars.

Canton, Ohio



Timken's twentieth century belongs in this book even though its product was rollers, because it shows the ball
bearing industry's economics in their purest American form. The company moved from St. Louis to Canton, Ohio
in 1901, placing itself between the steel country of Cleveland and Pittsburgh and the automobile city of Detroit —
and the automobile, at that moment, used more anti-friction bearings than any other industry. By 1922, over 90
percent of all automotive vehicles made in the United States and Canada ran on between four and twenty-two
Timken bearings each. [s10]

In 1916, Timken made the decision that defined its character: it opened its own steel plant in Canton. The reason
was not diversification but quality control — bearing performance is decided in the melt, and the company
wanted the melt in-house. [s10] The stock listed on the New York Stock Exchange in 1922; international
subsidiaries followed in Canada and France; the Second World War made Timken a producer of bearings, steel
tubing and gun barrels; and the post-war decades spread its plants and joint ventures across the world. By the
account the company itself commissioned, it grew to operate 47 manufacturing facilities, 8 technology and
engineering centres and 12 distribution centres across 26 countries and territories. [s101 From a carriage spring to
a global materials-and-motion company in three generations: that is what a friction patent could compound into.

The Needle Makers of Connecticut

America's other bearing dynasty began not with carriages but with sewing needles. The Excelsior Needle
Company of Torrington, Connecticut, was formed in 1866 around a new cold-swaging process for shaping needles
— cold-forming wire with dies instead of hammering it — which made sewing-machine needles better and
cheaper than the forged sort. The firm became the Torrington Company, the needle capital's namesake, and spent
the late nineteenth century diversifying from needles into whatever its forming machinery could make. [seg

What the machinery could make, it turned out, was small precise steel parts of every kind — and the bearing
trade's hardest small part was the needle roller. After the Second World War Torrington concentrated on
bearings, becoming the great American needle-bearing house and eventually part of Ingersoll-Rand and then, in
2003, of Timken — which folded the needle makers into the tapered-roller empire and reunited two branches of
the same Connecticut precision tradition. [ses]

The Torrington story is the bearing industry's skill-migration pattern in miniature. A company that learns to form
hard steel wire to fine tolerance for one product owns a competence, not a product; the competence walks across
markets as demand shifts — needles, then small parts, then needle bearings, then aerospace specials. Fischer's
grinding mill, Minebea's vertical integration and Torrington's swaging dies are the same story in three countries:
the product changes, the tolerance remains. [s68]

The British Houses

Britain, which patented the ball bearing in 1794, spent the early twentieth century importing it — and then built a
national industry under fire. Ransome & Marles of Newark was founded during the First World War to make
bearings for aircraft and other engines, precisely because the war had exposed how little of the trade was British.
By mid-century Ransome & Marles held a substantial share of British output — some sixteen to seventeen percent
of the country's tapered roller bearing production — alongside the other domestic names, Hoffman's of
Chelmsford and Pollard. (s71]

In 1969 the British state itself decided the industry was too fragmented to survive and merged the three into RHP
— Ransome, Hoffmann and Pollard — at the direction of the Wilson government's Industrial Reorganisation



Corporation, an explicit act of industrial policy in bearings. RHP became Britain's bearing champion, struggled
through the 1970s and 1980s against the continental and Japanese houses, and ended as an acquisition: NSK
bought it in 1990, taking the British industry into the Japanese orbit it had been created to resist. [571] [S64]

The British arc — invention, import dependence, wartime founding, state merger, foreign purchase — is the
bearing industry's whole strategic logic compressed into one country's century. Bearings are too important to
leave to imports in wartime and too hard to sustain at national scale in peacetime. The houses that survived the
twentieth century were the ones that became multinational before their governments needed them to. 571

The Needle and the Cage

The German house that would one day absorb FAG began with a drive through the country and a good idea about
small parts. In 1949 Georg Schaeffler, co-founder with his brother Wilhelm of the firm that became INA, had the
insight that the needles of a needle roller bearing — long, thin rollers that had a fatal habit of skewing and
jamming — could be individually guided in a cage. The caged needle bearing turned a tricky specialty into a
reliable mass product, and the Schaeffler brothers' company grew on it into a European giant. [s53]

The episode is the cage's vindication and the industry's recurring pattern in one story. A bearing's failure modes
are rarely in its load-bearing surfaces; they live in the interfaces — rolling element against rolling element — and
the winning innovations are often humble pieces of separation: Galileo's cage, Harrison's cage, and now
Schaeffler's. INA's cage made the needle bearing, the needle bearing made INA, and in 2001 INA's successor
Schaeffler bought FAG, folding the ball's founding firm into a house built on a cage. [s53]

The Gyroscope's Patience

The most demanding bearing application of the twentieth century made no noise, carried almost no load, and
spun in a sealed can that no one would ever open. The gyroscope at the heart of an inertial guidance system is a
spinning wheel whose whole purpose is to remember a direction, and every imperfection in its bearings is a small
hand nudging the wheel to forget. Torque that varies by a whisper becomes drift; drift becomes navigation error;
navigation error, in a missile or a submarine or a spacecraft, becomes the difference between arriving and not.
[539]

The bearing problem ran deeper than friction. A gyroscope bearing must not merely run smoothly on average; it
must run identically, revolution after revolution, month after month, so that the torques it does produce are
constant enough to be modelled and corrected. The instrument bearings built for this work - small, spring-loaded
in pairs to remove every trace of internal play, made from the cleanest steel and finished to the tightest geometry
the industry could reach - defined the upper rungs of the precision ladder for a generation. [ss6]

Designers also cheated beautifully. The floated gyroscope enclosed the spinning wheel in a can and floated the
can in a dense fluid, so that the gimbal bearings carried almost no weight at all and their remaining imperfections
shrank in proportion. It is a characteristically bearing-like solution: when the contact cannot be made perfect,
arrange for it to carry less. The same instinct - preload, offload, isolate - runs through the whole instrument
tradition. [s39]

The guidance programmes of the cold war poured money and patience into the craft, and the spillover reached
far beyond missiles. The clean steels, the statistical life testing, the obsessive cleanliness of assembly rooms, and
the measurement instruments developed for instrument bearings migrated into spindles, dental drills, and hard
disk drives. Precision, once learned for the gyroscope, turned out to be a general-purpose asset. [s56]



There is a pleasing inversion in the story. The bearing exists to let things turn freely; the gyroscope bearing exists
to let one thing turn so freely that it can refuse to turn with the vehicle around it. The same point contact, the
same polished races, the same thin film - asked, at the limit, to do nothing at all, perfectly, for years. The industry's
longest education in nothing became the foundation of its reputation for everything. [s39]

The Quality Revolution

The decades after 1945 quietly rewrote what a bearing was. The pre-war product was excellent and expensive;
the post-war product became excellent and ordinary. Three forces did it. First, volume: the automotive and
appliance booms turned bearings into true mass production, with automated grinding and assembly lines
replacing craft batches. Second, materials: the vacuum-degassing and clean-steel revolution of the 1960s and
1970s multiplied fatigue life without changing a single drawing — the bearing improved inside the melt. [s34] [s35]
Third, Japan: NSK, NTN, Koyo, Nachi and Minebea attacked the precision and noise end of the market, forcing the
Western houses to match tolerances and quietness that had previously been reserved for instruments. SKF's own
timeline records the 1960s as the decade of "robust competition in the bearing industry, particularly in the US and
Japan," answered with heavy R&D investment, leaner inventories and rationalised production — and record
years. [S7]

The consumer-visible result was the sealed, greased-for-life bearing: the component that abolished its own
maintenance. The science-visible result was elastohydrodynamic theory in 1960, which finally explained the film
the industry had been riding for sixty years. [s14] And the statistics of Lundberg and Palmgren — wartime
Gothenburg work, published from 1947 — became the selection standard of the world. (s311(s33] By the time SKF
introduced the CARB toroidal roller bearing in 1995, the industry's product was so reliable that bearings had
become the last thing machine designers worried about — the ultimate compliment, and the origin of the
invisibility this book is written against. [s7]

The Quiet Globalisation

The bearing industry globalised ahead of almost every other component trade, and it did so twice. The first wave
was the pre-1914 sprint described in Part V: SKF in 27 countries within eight years, German dominance of the
American import market, British and French factories of their own. [sgj(s10] The second wave came after 1945 and
was deeper: production localised on every continent — SKF's roll call includes Poona (1964), Sdo Paulo, Uitenhage,
Sarajevo, Scarborough, Singapore — until, by 1970, 78 percent of its 67,700 employees worked outside Sweden. (571

Why did bearings globalise so early and so thoroughly? Because the product is heavy relative to its price, because
every industrialising country needs it immediately, and because the know-how travels with the machines and the
people more than with the drawings. The pattern set then persists now: a handful of global houses with plants
everywhere, a Chinese quarter producing mostly at home, and a long tail of local makers. (s19 The ball bearing
was a global industry before the word globalisation existed — one more way its smallness deceived the age about
its significance.

The pattern was set early and never reversed: bearings globalised by production, not just by trade. Because the
product is small, heavy relative to its price, and ruinously expensive to ship across an ocean full of delays, the
winning houses built plants inside each market and carried their know-how with them. SKF's interwar roll call —
Poona, Sao Paulo, Uitenhage, Sarajevo, Scarborough, Singapore — reads like a map of every region industrialising
at once. [s7] By the time economists coined the word globalisation, the bearing industry had already lived through
two complete waves of it.



The Toyama Arsenal

The third of Japan's great bearing houses came out of a company town on the Sea of Japan coast, and it never
really stopped being an arsenal. Nachi-Fujikoshi was founded in Toyama in 1928, and its origin tells you what
bearings meant to industrial nations in that decade: the company was created as an integrated maker of bearings,
cutting tools, machine tools, and the special steels to make them all - the complete kit of a machine-building
economy under one roof. [s67]

The integration was the strategy. A bearing is only as good as its steel and its grinding; a company that made its
own specialty steels, its own cutting tools, and its own machine tools could control every variable that reaches the
raceway. Nachi's Toyama works became famous for exactly this vertical completeness, and the company's role in
Japan's wartime economy - bearings, tools, and hydraulics for a militarising industry - made it both strategically
vital and, in 1945, a target. The postwar reconstruction of Japanese industry rebuilt Nachi with it, and the
company rode the same quality revolution as its larger rivals: the decades in which Japanese bearings went from
being the copies the West tolerated to the standard the West chased.

What distinguishes Nachi among the Japanese houses is breadth without surrender of depth. It remains
simultaneously a top-tier bearing maker, a major robot manufacturer, a cutting-tool and machine-tool house, and
a hydraulics specialist - a combination that looks odd in a catalogue and makes perfect sense on a factory floor.
An industrial robot, after all, is a stack of precision bearings with motors attached; the same company that grinds
the raceway can build the gear, the arm, and the controller. Nachi's robots weld car bodies in plants on every
continent, and inside each wrist joint the company's own bearings and precision gears do the work. The arsenal
logic of 1928 - own the steel, the tool, the machine, and the component - turned out to be a durable template for
the automation age. [s67]

The Koyo Merger

JTEKT, the youngest of Japan's big bearing names, is a twenty-first-century company built from a 1920s
component maker and the machine-tool arm of the Toyota group. It was created in January 2006 by the merger of
Koyo Seiko and Toyoda Machine Works, and it sits inside the Toyota orbit - a parentage that says a great deal
about where bearing demand comes from. [s65

Koyo Seiko had been one of Japan's original bearing houses, founded in 1921 in Osaka by Zenichiro Ikeda, who
had begun by selling imported bearings before deciding that Japan should make its own. Through the twentieth
century Koyo grew into a full-line maker - ball, roller, tapered, and the constant-velocity-joint and steering
bearings that the car industry consumes in staggering volume. Toyoda Machine Works carried an even older
name: the Toyoda machine shop lineage that runs back to the loom-and-motor empire from which Toyota itself
descends. The merger married a bearing company to a machine-tool and steering-systems company, and the logic
was automotive. A car maker does not buy a bearing, a steering system, and a driveline component as separate
engineering problems; it buys them as one system, and JTEKT positioned itself to sell exactly that system to Toyota
and to everyone else.

The result is one of the largest bearing companies in the world - tens of thousands of employees - with a product
map that traces the anatomy of the automobile: wheel bearings, transmission bearings, steering columns and
their bearings, driveline components. [ses] It is a reminder that the bearing industry, for all its romance of
precision, is anchored to one overwhelmingly large customer. Roughly a third of all bearings made go into road
vehicles, and companies like JTEKT are what that statistic looks like when it takes corporate form: a bearing
maker, a steering maker, and a machine-tool maker fused into a single supplier whose fortunes rise and fall with



the car. The electric-vehicle transition that troubles every bearing house troubles JTEKT in a specific way - the EV
drivetrain needs fewer, faster, electrically shielded bearings - and the company's answer has been the same as the
industry's: lean into the new specification rather than defend the old volume. [s65]

The Osaka Rival

NTN, the second of Japan's bearing giants, began in 1918 when a young Osaka trader named Noboru Niwa met a
Swedish engineer and began importing the new self-aligning ball bearings into Japan. Within a few years he was
making them, and the company that grew from that encounter took its name from the initials of its founders. A
century later NTN is one of the four or five largest bearing companies on earth, and its product line tells the story
of where Japanese industry placed its weight: automotive bearings of every kind, constant-velocity joints, and the
hub units that bolt onto the corner of nearly every car built. (se6]

The hub unit is NTN's emblematic product and a small lesson in how the bearing industry makes money. A hub
unit is not sold as a bearing but as a system: the wheel bearing, the flange, the seals, and often the wheel-speed
sensor, integrated into one cartridge that the car maker bolts on and never services. The value migrates from the
steel to the integration - to the sealing that keeps road salt out for the life of the vehicle, the pre-set internal
clearance that no mechanic ever adjusts, and the sensor that reports wheel speed to the braking system. A
company that mastered the hub unit moved up from component supplier to system supplier, with the margins
and the qualification lock-in that follow.

NTN's American arm, NTN USA, built from 1990 into a holding company for a spread of subsidiaries, illustrates
the industry's geography from the other side: Japanese bearing houses did not merely export, they planted
manufacturing inside their customers' markets, close to the car plants of the Midwest and the South. (ses] And like
every bearing house, NTN now faces the electric transition with a specific engineering answer: in 2025 it began
mass production of resin-mould insulated bearings for EV e-axles, an insulation countermeasure against the shaft
currents that eat bearings in electric drivetrains. s271 The Osaka importer's company ends its first century, as it
began it, by adapting a fundamental product to a new prime mover.

The Miniature Empire

At the far end of the size scale from the wind-turbine giants sits a company most people have never heard of,
making a product most people will never see, in volumes that dwarf the rest of the industry. MinebeaMitsumi -
Minebea, as the bearing world still calls it, from its founding as Nippon Miniature Bearing in 1951 - holds more
than sixty per cent of the world market for miniature and small-sized ball bearings, the kind with outer diameters
under twenty-two millimetres that spin inside computer fans, hard drives, dental drills, and instruments. [522]

The miniature bearing is a different discipline, not a scaled-down copy. Below a few millimetres, everything
inverts: the balls are nearly dust, the cage is a stamping thinner than foil, surface finish dominates every failure
mode, and a single particle of shop-floor debris is a boulder in the raceway. Miniature bearing plants are closer to
semiconductor fabs than to forges - clean rooms, automated optical inspection, and assembly islands in Southeast
Asia where labour, capital, and Japanese process discipline were combined at massive scale. Minebea built its
empire on exactly that combination, moving volume production to Thailand and beyond while keeping the
process knowledge at home, and it holds the Guinness-recognised record for the smallest commercially produced
steel ball bearing: 1.5 millimetres outer diameter, a 0.5 millimetre bore, six balls and a cage. (s22]

What the miniature business proves is that the bearing industry's moat is not size or capital but accumulated



process control. Any nation can build a forge; very few organisations on earth can produce a hundred million
nearly identical one-millimetre bearings a year at a cost of cents each, with a defect rate low enough that a fan
maker never tests them. That capability is why the small-bearing market consolidated so completely, why
Minebea's share looks like a monopoly statistic, and why the hardest bearings to make are not always the biggest
ones. The two ends of the industry's size range - the ten-tonne wind main bearing and the half-millimetre
instrument bearing - are protected by the same thing: decades of process knowledge that no fast follower has ever
bought. [s22]



PART VI

The Anatomy of the Object

Rings, balls, cage, grease and seals. The deep groove, the angular
contact, the self-aligning and the thrust. Precision grades, and how a
bearing is actually built.

Take a ball bearing apart and you hold, in one palm, a complete education in engineering design. Four components - two
rings, a complement of balls, and a cage - plus the grease and seals that the catalogue pretends are accessories, carry out a
division of labour so refined that each part has its own literature, its own failure modes, and its own specialists. The
chapters in this part work through the object piece by piece and then as a system: the raceways ground and honed to
receive the load, the balls whose roundness sets the bearing's ceiling, the cage whose only job is to keep the balls from
each other and whose failures account for a startling share of disasters, the seals that decide whether the lubricant's clean
film survives the world outside. The part also works through the family's taxonomy - deep groove, angular contact, self-
aligning, thrust, and the roller cousins - and through the precision grades that sort identical-looking rings into different
centuries of capability. The aim is literacy. After this part, a bearing's designation code, its datasheet, and its sound when
failing should all read as plain language.

CHAPTER 58

Four Parts and a Film

Open a catalogue bearing and you find four solid components and one invisible one. The inner ring fits the shaft
and carries a ground groove, the raceway, on its outer surface. The outer ring sits in the housing and carries the
matching raceway on its inner surface. The balls roll between them. The cage (the retainer or separator) spaces
the balls so they never rub each other — the feature Galileo was already describing around 1600. (s1](s14] And the
fifth component is the one you cannot see: the lubricant film, grease or oil, which at operating speed carries the
load on a pressurised wafer of fluid thinner than a wavelength of light.



The modern sealed deep groove ball bearing in section: rings, balls, cage, seals and grease.

Working principle diagrams of the deep groove ball bearing show the same arrangement Philip Vaughan
patented in 1794: balls running in deep grooves in both rings, turning a sliding interface into a rolling one. [s1](s2]
The refinement of two centuries is in the geometry of the contact. The raceway groove is not a half-circle hugging
the ball; its radius is slightly larger than the ball's, so the ball touches along a small ellipse that wanders as the
load shifts. Too tight an osculation and friction rises; too loose and stress concentrates. That curve, invisible to the
naked eye, is where a century of grinding science lives.

The Family of Designs

The ball bearing is not one object but a family, each member a different answer to the question: from which
direction does the load come?

The deep groove ball bearing is the default machine part of the world — radial loads, moderate axial loads in
both directions, high speeds, low noise, sealed and greased for life. It is so dominant that in 2025 it accounted for
about 55 percent of all ball bearing market revenue — roughly $9.7 billion of a $17.5 billion market, on GMI's
estimate. (s16] When someone says "a bearing" without qualification, this is what they mean.

The angular contact ball bearing shifts its raceways so the contact line runs at an angle, letting it carry
combined radial and one-direction axial loads; paired or doubled, it becomes the bearing of machine-tool spindles
and precision shafts — about 19 percent of the market, $3.3 billion in 2025. (s16] The self-aligning ball bearing,
Wingquist's invention, carries light loads but forgives misalignment — $1.4 billion. (s16] The thrust ball bearing,
the design Leonardo drew and the Nemi ship embodied, takes pure axial load at modest speed — $1.2 billion. [s16]
And at the edges sit the exotics: four-point contact bearings whose Gothic-arch raceways let one bearing take axial
load both ways, and the miniature and instrument bearings where the whole assembly is smaller than a shirt
button. [s1]

Each type is an industry in miniature — its own machines, its own applications, its own specialists. The I0I map



files them all under one code, but the working engineer knows them as separate trades.

The Bureaucracy of Precision

A bearing is a promise expressed in microns, and the promise is administered by standards bodies. The ring
dimensions follow ISO boundary plans so that a 6204 bearing — 20 mm bore, 47 mm outside diameter, 14 mm
wide — from any maker on Earth fits the same shaft and housing. The running accuracy is graded in classes: the
ABMA's ABEC scale in America (ABEC 1, 3, 5, 7, 9), mirrored by ISO PO, P6, P5, P4, P2 — the higher the class, the
tighter the runout, the faster and quieter the bearing, and the smaller its market. The balls themselves carry their
own grade system under ISO 3290-1, DIN 5401, JIS B 1501, ABMA 10A and ASTM F2215, the grade number
encoding sphericity and lot diameter variation. [s15]

This standards architecture is easy to skip over and impossible to overvalue. It is what makes a bearing a
commodity in the good sense: interchangeable, specifiable, insurable. It is also a moat. Meeting the standards at
catalogue prices, at volume, with documented consistency, is precisely what separates the industry's aristocracy
from the thousands of small makers who can produce a bearing-shaped object.

The numbers behind the classes are brutal. Under the ABEC scale used across the industry, the permitted runout
of the assembled inner ring tightens from ten micrometres at ABEC 1 through seven, four and two and a half, to
one and a half micrometres at ABEC 9 — the last figure smaller than a bacterium, and achievable only with
gauging and assembly discipline that most factories on earth do not possess. The important corollary is that most
applications need none of it: an electric motor in a washing machine runs happily on the standard grade, and
specifying precision you do not need is a way of paying for nothing. The bureaucracy exists so that the few who
need the micron can order it by name. [s15]

Making the Rings

The balls have their own supply chain, described in Part III. The rings have theirs, and it is a tour of heavy
industry: bearing-grade steel tube or forged blanks are turned on automatic lathes to near-net shape; the soft
rings are heat-treated — austenitised, quenched and tempered to the working hardness; then the hardened rings
are ground: bore, outer diameter, faces, and finally the raceways themselves, finished by honing or
superfinishing until the surface is a near-mirror measured in fractions of a micron. Assembly matches rings and
graded balls, rivets or snaps in the cage, doses the grease, presses on shields or seals, and sends the finished
bearing through noise testing — because in the modern market, a bearing you can hear is a bearing that gets
returned.

Every one of those stages is itself an industry: bearing steel from specialist melt shops, grinding wheels and
honing stones, superfinishing machines, cage presses, grease chemistry, seal elastomers, vibration test rigs. The
ball bearing sits at the centre of an industrial web, and its supply chain is a fair map of precision manufacturing
as a whole.

A bearing ring begins life as tube or bar of bearing steel, cut to length and forged or turned to a rough blank. The
blank is soft-turned on lathes to near its final shape, then hardened — through-hardened to around sixty on the
Rockwell C scale for the standard chrome steel — and tempered, after which nothing may move: every
subsequent operation only removes material. The hardened rings go through grinding lines that establish the
raceway, the bores and the faces, and finally through superfinishing, where fine stones working across the
raceway leave a surface measured in fractions of a micron. The process route is the mirror of the ball's own —



form, harden, grind, finish — and it is done under constant gauging, because a raceway's geometry is the
bearing's life written in advance. [s56]

The economics of the ring line explain the industry's geography. A modern grinding cell is fast, automated and
unforgiving of variation, so rings are made where machine tools, clean steel and experienced setters already exist
— which is why the grinding capacity named in the market analyses as a live bottleneck sits in a handful of
countries, and why a new entrant can buy the machines but not the thirty years of tacit setting knowledge that
makes them sing. [s16]

Grease, Shields and Seals

Most ball bearings sold today will never be touched by a maintenance engineer. They are filled with grease at the
factory, closed with a metal shield or a rubber contact seal, and expected to run until the machine around them is
scrapped. The grease is not generic: base oil viscosity, thickener type and additives are matched to speed,
temperature and duty. SKF's hybrid ceramic line advertises grease service life extended by up to eight times as a
primary benefit — a measure of how central the grease has become to the product's value. (s23] In the sealed-for-
life design, the bearing has quietly absorbed its own maintenance system: the customer no longer buys a
component and a lubrication regime, only a rotation service in a steel envelope.

The standard factory fill is a lithium-thickened mineral-oil grease, chosen because grease is the only lubricant that
stays where it is put: the thickener acts as a sponge holding oil in the contact, bleeding it out under load and
drinking it back at rest. Fill quantity is a design decision in itself — too little and the film starves, too much and
the balls churn it into heat. Sealed-for-life bearings are filled once, at around a quarter to a third of free space,
and never opened again; the hybrid ceramic designs push that single fill further than steel ever could, with grease
life extended up to eight times under the right conditions. [s23]

Shields and seals solve opposite problems with similar hardware. A shield is a steel disc with a gap — it keeps out
dirt and keeps in grease but touches nothing, so it adds no friction and suits high speed. A contact seal is rubber
riding on the inner ring — it excludes water and fine dust almost completely, at the price of drag and a lower
speed limit. The modern sealed deep groove bearing, the default product of the whole industry, is the answer the
market settled on: sealed at the factory, greased for life, installed and forgotten. [s1]

What Kills a Bearing

The catalogue life equation assumes a clean bearing, correct fits, good lubrication and honest loads. The field
failure analysis tells the other story: bearings die of contamination (a particle dent in the raceway becomes a
fatigue nucleus), of poor lubrication, of misalignment beyond the design's forgiveness, of mounting damage from
a hammer and drift, of moisture and false brinelling in idle machines, and increasingly of electricity — stray shaft
currents from inverter-driven motors that arc across the oil film and etch the raceway into the washboard
pattern called fluting. (s261 SKF's 2024 laboratory study of electric vehicle bearings reproduced exactly this damage
— craters, frosting, pitting, fluting — on single ball-on-disc contacts under elastohydrodynamic conditions, and
built a discharge-energy model from it. ;s261 The industry's future problems are already visible in its failure labs;
Part XI returns to them.

The industry's warranty engineers keep a consistent list. Contamination is the first killer: hard particles in the
lubricant dent the raceways, and each dent becomes a stress raiser that starts its own spall. Poor lubrication —
wrong grease, degraded grease, no grease — turns the elastohydrodynamic film off and lets metal meet metal.



Misalignment concentrates load on the raceway edge; overloading and overspeeding exhaust the fatigue life
early; moisture etches corrosion pits that seed flaking. The newest entry on the list is electrical: inverter-driven
motors discharge current through the bearing, frosting and fluting the raceways — the failure mode that the
electric vehicle era has made common enough to warrant its own countermeasures. [526]

What almost never kills a modern bearing, when it is correctly chosen, mounted and lubricated, is the fatigue life
it was sold with. The rating life is a statistical floor, not a ceiling — the majority of bearings in service outlive their
calculated L10 many times over, and the ones that die young almost always die of one of the causes above. That is
why the maintenance trade treats a failed bearing as evidence to be read, not scrap to be thrown: the raceway
keeps a written record of how it died. (ss6]

The Contact Patch

It is worth slowing down on the single most important square millimetre in mechanical engineering: the place
where ball meets race. In principle, a sphere touches a groove at a point, and a load on a point would mean
infinite pressure. In practice the ball flattens slightly and the race yields slightly, exactly as a tyre flattens where it
meets the road, so the contact becomes a small finite ellipse under finite — but enormous — pressure. [ss6] Inside
that ellipse the steel is stressed beyond what most structures ever see, and just below it sits the peak subsurface
shear stress that drives fatigue.

Even the rolling is not pure. Because different parts of the flattened ball move at slightly different speeds across
the contact, there is always some microscopic sliding inside the ellipse, and that sliding is the residual friction of a
rolling bearing — the drag that remains when everything works perfectly. (sse] A ball bearing is not a frictionless
device; it is a device that has traded gross sliding for microscopic slip, and the whole of lubrication science exists
to manage that trade. This is also why load is shared unevenly: in a radial bearing under load, fewer than half the
rolling elements carry a significant share at any instant, and the load cycles around the ring as it turns — which is
precisely why fatigue, not wear, sets the bearing's life. [sse]

The Cage: The Part Nobody Notices

The cage is the cheapest-looking part of a bearing and, historically, the difference between a curiosity and a
machine. Uncaged balls rub against each other at twice the running speed where they touch, wearing, heating
and wasting the very friction the bearing exists to save. Galileo's seventeenth-century description of the caged ball
bearing and Harrison's caged rollers for H3 were both, at heart, solutions to that single problem. [s14] [s55]

Modern cages come in three families: pressed steel ribbon cages, light and cheap, standard in mass deep groove
bearings; machined brass or bronze cages for speed and temperature; and polymer cages — glass-fibre reinforced
polyamide — for quiet running and vibration damping. Georg Schéafer's famous 1949 idea — conceived,
Schaeffler's history says, while driving through the country — was to guide the needles of a roller bearing
individually in a cage parallel to the axis, making needle bearings compact and capable of high rotational speeds;
the resulting INA cage-guided needle bearing conquered the automotive gearbox, and Schéfer later joked that INA
really stood for "immer neue Aufgaben" — ever new things to do. [s53]

Cage design is a quiet branch of engineering in itself. Pressed-steel cages are stamped in two halves and riveted;
machined brass cages carry high speeds and temperatures; moulded polyamide cages, glass-fibre reinforced, run
quietly and survive starvation better than metal because the polymer smears rather than seizes. The cage never
touches the raceway in normal running — it is guided by the balls or by a ring land — but in a failed bearing it is



often the first part to go, and cage debris in the grease is an early warning the condition monitors listen for. (s55]
[S56]

Names and Numbers

Every bearing carries its specification in its part number, and learning to read one is a small act of industrial
literacy. In the common metric system, the last two digits of a bearing number, multiplied by five, give the bore in
millimetres: a 6204 has a 20 mm bore; the 6 marks it as a single-row deep groove ball bearing; the 2 is its
dimension series. (s1] The miniature world's standard, the 608 — 8 mm bore, 22 mm outside diameter, 7 mm wide
— is the bearing of skateboards, scooters and fidget spinners, and the upper size boundary of the market segment
in which MinebeaMitsumi claims over sixty percent of world share. [s22] Suffixes encode seals, shields, internal
clearance and precision class, so that a full designation reads like a compressed engineering drawing.

The numbering system is one of the industry's uncelebrated triumphs: a shared language that lets a maintenance
engineer in one country order a replacement made on another continent with total confidence in fit. Standards
made the bearing a commodity; the commodity made the modern maintenance economy possible.

The designation is a small act of international order. In the common system a bearing's type, series and bore are
encoded in its number: a 6204 is a single-row deep groove bearing, light series, bore code 04 — and bore codes
from 04 upward multiply by five to give the bore in millimetres, twenty millimetres in this case. Suffixes carry the
options: 2RS for two contact seals, ZZ for two shields, C3 for the internal clearance class. A maintenance fitter in
any country can read a worn bearing's number off its ring and order the exact replacement from any maker on
earth, which is precisely what makes the bearing a commodity and the counterfeit trade possible. [s1]

The Cousins: Rolling's Extended Family

The ball bearing is one member of a large family of rolling bearings, and its siblings matter to this story because
the industry's firms, markets and science are shared across all of them. The engineering references name five
main types of rolling element: balls, cylindrical rollers, tapered rollers, barrel (spherical) rollers and needles. [s56]
Cylindrical rollers carry heavy radial loads at speed; tapered rollers — Timken's patent — carry combined radial
and axial loads and rule the wheel ends of heavy vehicles; spherical rollers forgive misalignment under brutal
loads; needles pack load capacity into the thinnest possible cross-section, at the price of faster fatigue in their
sharply bending small rollers. [ss6]

Beyond the family sit the rivals that beat any rolling element on some single axis. Plain bearings — still the only
type used as widely as rolling bearings — win on cost, dirt tolerance and simplicity. (sse] Fluid bearings,
hydrostatic or hydrodynamic, can simultaneously beat rolling bearings on capacity, durability, accuracy, friction
and speed. [ss6] Air bearings run the spindles of coordinate-measuring machines, the very instruments used to
inspect bearings. [s551 Sapphire jewels run watch balances. Magnetic bearings, the subject of Chapter 48, suspend
shafts with no contact at all. The ball bearing's genius is not to be best at anything. It is to be good at everything at
once — the engineering references call it the best trade-off between cost, size, weight, capacity, durability,
accuracy and friction — and to be manufacturable by the billion. (sse]

Ball Against Roller



Every catalogue offers the same choice in two forms, and the choice is older than the catalogue. A ball touches its
raceway at a point; a roller touches along a line. Everything else in the trade-off follows from that geometry. The
point contact carries less load but slips less, runs cooler at speed, and forgives the small misalignments of an
imperfect world. The line contact spreads the load over more steel, so the roller bearing carries more, and pays
for it in friction, heat, and a lower speed ceiling. (s62]

Heinrich Hertz gave the choice its mathematics in the 1880s, working out how curved elastic bodies flatten under
load and how the stress concentrates in a tiny ellipse of contact. His equations still sit underneath every bearing
rating published today: double the load on a ball and the contact stress does not double, but it climbs fast enough
that the design tables exist to keep engineers honest. [s62]

The ancient record shows the same partition long before the mathematics. The Romans moved their heaviest
column drums as rollers and their finest rotating platforms on balls; the slow giant got the line contact, the
delicate instrument got the point. Two thousand years later the catalogues make the same assignment. The ball
bearing takes the fast, the light, and the precise - the motor, the spindle, the dental drill. The roller bearing takes
the slow giant - the rolling mill, the wind turbine main shaft, the axle of a freight wagon. [s39]

Between the two sits the plain bearing, which chooses neither element and simply lets a shaft float on oil. For the
largest and slowest jobs - ship propeller shafts, hydroelectric turbines, the great alternators of power stations - the
journal bearing still holds its ground, because at sufficient size and speed a continuous film of oil carries more
than any reasonable arrangement of rolling elements, and it never fatigues because nothing rolls. [s61]

The honest way to frame the ball bearing's revolution, then, is not replacement but partition. Rolling bearings
took the jobs where starting friction matters, where lubrication must be minimal or sealed for life, where
precision of shaft position must be held to microns, and where maintenance access is expensive. The boundary
between the territories, drawn by load, speed, shock, cost, and access, is one of the more quietly rational
boundaries in engineering. [s61]

The Film and the Grease

The most important part of a ball bearing is not made of steel. Between each ball and its raceway, at the instant of
contact, sits a film of lubricant far thinner than the roughness of the surfaces it separates. Under the immense
pressure of the contact ellipse the oil momentarily stiffens into something like glass, and that glassy film - a
fraction of a micron thick - is what the load actually rests on. When the film is right, the steel surfaces never touch
at all, and a bearing can run for decades. [514]

Grease is the practical answer to keeping that film in place. It is oil held in a sponge of metallic soap, and its virtue
is that it stays where it is put. Pack a bearing with the right grease, close it behind seals or shields, and the
machine it serves may never be lubricated again in its life. The sealed-and-greased bearing turned lubrication
from a daily chore into a factory decision, and it is the reason the modern appliance, the modern car wheel, and
the modern motor can be assembled and forgotten. [s1]

Where oil and grease cannot go, engineers reach for solids. In the vacuum of space, where ordinary lubricants
evaporate, bearings run on thin films of molybdenum disulphide, soft metals like silver and lead, or self-
lubricating cage materials that transfer a dry film to the raceway as they wear. The dry lubricants trade life for
environment: they do not last as long as grease, but they work where grease cannot. [s70]

The plain bearing plays the same game by different rules. Instead of preserving a thin film under point contact,
the journal bearing generates a thick one: the rotating shaft drags oil into a converging wedge and climbs up onto
it, like a tyre aquaplaning in slow motion. The film there is measured in tens of microns, and it can carry the



weight of a ship's propeller shaft for the life of the ship. (s61]

Read the failures and the film is the protagonist in nearly all of them. Starved lubrication, contaminated grease,
water in the oil, the wrong viscosity at startup temperature - the metallurgy of the rings gets the attention, but the
thin film between ball and race does the work, and most bearings that die young die because the film failed first.
[S56]

Reading the Ruins

A failed bearing is not scrap; it is a document. The raceway of a dead bearing records how it died, and the trade of
reading that record is one of the more forensic crafts in engineering. The classic catalogue of bearing damage
runs to dozens of named patterns, each with a characteristic appearance and each pointing back to a cause:
flaking that follows the load zone, dents pressed in while the shaft stood still, scoring from particles that should
have been filtered out, frosted tracks from an electric current that found its way to ground through the rolling
elements. [s56]

The most instructive failures are the subtle ones. False brinelling marks a bearing that vibrated while stationary -
the freight that damaged itself in transit, the spare motor that sat beside a running machine. Electrical erosion
flutes a raceway into a washboard, the signature of a variable-frequency drive whose currents found the bearing
easier to cross than the proper earth. Each pattern is a small detective story with the answer written in the metal.
[556]

Modern practice tries to read the book before it closes. Condition monitoring listens to a running bearing the way
a physician listens to a heart: a microphone or accelerometer on the housing picks up the characteristic
frequencies at which a flaw on the outer race, the inner race, a ball, or the cage announces itself, often months
before the failure arrives. The mathematics of those frequencies was worked out from the bearing's own
geometry, so the diagnostic signal is written in the part number. [s76]

What monitoring buys is time, and time is what maintenance turns into money. A bearing changed on the
evidence of its own vibration signature, during a planned stop, costs a fraction of the same bearing changed after
it has seized a shaft at three in the morning and taken a production line with it. The economics of listening are
why the sensor-bearing combination has become an industry of its own. [s76]

There is a deeper lesson in the forensics. The bearing's enemies are almost never exotic: they are dirt, water,
misalignment, current, and neglect, the same five throughout the literature and throughout the century. The
precision of the part is what makes those ordinary things lethal - a machine built to run for twenty years on a film
thinner than a wavelength of light cannot forgive a grain of sand. (s39]

The Measure of Roundness

Precision that cannot be measured does not exist. The bearing industry rests on that axiom, and its entire quality
vocabulary - the tolerance classes, the inspection rooms, the certificates that travel with a shipment - is a system
for making roundness legible. The catalogue classes rank bearings by how tightly their dimensions and their
running accuracy are held, from the ordinary grades that serve a lawnmower to the precision grades that serve a
machine-tool spindle, each step defined in microns. [(s14]

The tradition behind the measurement is older than the bearing. Joseph Whitworth, who gave Britain its standard
screw thread in 1841, built his reputation on the plane of truth: three surface plates scraped against each other



until each was flat to within a millionth of an inch, and end standards that let workshops a county apart agree on
a length. His insistence that manufacture begin from standards anyone could verify is the intellectual ancestor of
every bearing tolerance table. [s60]

What is measured in a bearing is not only size but geometry: the roundness of the rings, the sphericity of the balls,
the waviness of the raceways, the runout of the assembled part as it turns. Waviness matters as much as diameter
because a raceway that is round on average but rippled in detail sings - the vibration that the end user hears as
noise and the diagnostician reads as a signature. The quiet bearing is the bearing whose surfaces are smooth at
every scale. [s62]

The instruments have their own lineage: the dial indicator, the air gauge, the roundness tester that rotates a part
against a fixed stylus and plots its deviation as a polar trace. A modern inspection room can resolve differences
smaller than a wavelength of light, and must, because the loads computed from Hertz's equations assume contact
geometries that only such surfaces provide. The mathematics of contact and the metrology of surface are two
halves of one discipline. [s62]

There is a humility built into the system. The standards do not claim perfection; they define how much
imperfection each class of work may carry, and price accordingly. Roundness, like every other engineering virtue,
is a quantity bought in increments - and the measure of the bearing industry is that it made those increments so
small that the rest of the machine world could stop thinking about them. [s39]

Grades of Truth

Precision has its own hierarchy, and its own alphabet. In the American system, the Annular Bearing Engineering
Committee of the ABMA defines five tolerance classes, named with the odd numbers ABEC 1, 3, 5, 7 and 9 — the
higher the number, the tighter the tolerance. [s571 The numbers feel abstract until they are made concrete: for a 20
mm bore bearing, an ABEC 1 ring is permitted roughly twice the tolerance window of an ABEC 7; and for small
shafts, the maximum allowable inner-race runout steps down from 10 micrometres at ABEC 1 through 7, 4 and
2.5, to 1.5 micrometres at ABEC 9 — a tolerance about one fiftieth the width of a human hair. (s571 The
international mirror of the scale is ISO 492, with DIN 620 in Germany and JIS B1514 in Japan. [s57]

Two honest warnings ride with the scale, and the standard-bearers themselves issue them. First, ABEC grades
dimensional and running accuracy only: they say nothing about materials, heat treatment, noise, lubrication or
life — the qualities that actually determine how long a bearing serves. (s571 Second, higher is not automatically
better for the application: ABEC 7 and 9 exist for aircraft instruments and surgical equipment, while vehicles,
industrial machinery, roller skates, skateboards and fishing reels are served by the ordinary classes. [s571 The
skateboard industry's marketing of "ABEC 9" as a synonym for fast is a running joke among bearing engineers: a
skateboard wheel's speed is set by its urethane, its rider and its road, and the bearing's contribution was solved by
ABEC 1 long ago. Grades of truth, applied where truth is needed — that is the grown-up reading of the scale.

The Failure Gallery

Every bearing maker keeps a gallery of failed bearings, and the gallery is the industry's real textbook. Spalling:
the classic fatigue failure, metal flaking from the raceway where Hertz's subsurface stress finally won — the
failure the life equation prices. Smearing and scoring: sliding damage where the film collapsed. Brinelling: dents
pressed into the raceway by impact or by a hammer during mounting; false brinelling, the deceptive twin, worn
by micro-vibration in a bearing that never even rotated. (sse) Corrosion etching: water in the wrong place.



Electrical erosion: the newest exhibit, frosting and fluting from shaft currents, photographed in Chapter 41's
laboratory. [s26] Cage fracture: the separator's revenge for overspeed or starvation.

The gallery's lesson is that bearings almost never "just fail." Each mode has a cause, and the cause is usually
outside the bearing: the mount, the lubricant, the alignment, the current path, the particle. This is why vibration-
based condition monitoring works — each failure mode announces itself at its own frequencies — and why so
much of bearing engineering is, in the literature's own words, failure analysis. [ss6] A bearing is a verdict on its
installation.

Two more entries deserve their frames. Brinelling is the bearing marked by violence at rest: an impact or a
mounting hammer blow presses the balls into the raceway and leaves true dents, spaced at the ball pitch, that
rumble forever after. False brinelling is its insidious twin — micro-oscillation without rotation, the condition of a
bearing shipped on a vibrating truck or parked next to a running machine, wears polished depressions at the ball
spacing that no amount of fresh grease will heal. Both are diagnosed at a glance from the regular spacing of the
damage, which is why the gallery exists: each failure writes its signature in the steel at the spacing of the balls.
[556]

Mounting and Care

The best bearing in the catalogue can be ruined before its first revolution. Modern mounting practice is its own
small profession: clean conditions, correct shaft and housing fits (interference on the rotating ring, usually),
induction heaters to expand inner rings onto shafts without force, mechanical or hydraulic tools instead of
hammers, and alignment checked to the tolerances the design forgives. (ss6] The care regime after mounting is
shorter than it used to be — sealed, greased-for-life bearings removed relubrication from most machines — but
where relubrication survives, the rules are Stribeck's: the right grease, the right quantity, the right interval,
because both starvation and over-greasing kill. [s231(s30] The sealed bearing did not eliminate maintenance; it
moved the maintenance into the factory, where it belongs.

The professional rules are few and absolute. Never transmit mounting force through the balls — press on the ring
being fitted, inner for a shaft fit, outer for a housing. Heat, don't hit: an induction heater brings the inner ring to
eighty or ninety degrees and it slides on without force. Keep the bearing in its wrapping until the moment of
fitting, because the grease in a sealed bearing is clean to a standard no workshop bench can match. And align: a
few hundredths of a millimetre of shaft misalignment, taken up by a rigid bearing, becomes edge loading that the
rating life never priced in. Most premature deaths in service are born on the mounting bench. (sse

The Standards Book

A bearing is one of the few machine parts you can buy from a catalogue, from a stranger, on another continent,
and press into a machine with complete confidence that it fits and performs. That ordinary miracle rests on one
of the least-read bodies of literature in engineering: the standards. Dimensions, tolerances, internal clearances,
load ratings, life calculations - every property of a rolling bearing that a designer relies on is codified in
international standards whose numbers (ISO 15 for boundary dimensions, ISO 281 for life rating, ISO 1132 for
tolerances) are the industry's real constitution. The ABEC scale familiar from skateboard shops is one small
corner of this edifice: the American tolerance classes 1, 3, 5, 7, and 9, ascending in precision, with their
international counterparts in the ISO PO-to-P2 ladder. [s57] [S14]

Standardisation is what turned the bearing from a craft product into a commodity without making it a generic



one. Before it, every maker's bearing was its own universe: different boundary dimensions, different
designations, no interchangeability, and a customer locked to whichever supplier had fitted the machine first. The
industry's own chronology records the long climb out of that world - through national standards bodies, wartime
rationalisation, and finally the ISO framework - and the effect was the creation of the global market this book
describes. (s141 Once a 6204 bearing from any qualified maker carries the same boundary dimensions and a
calculable rating life, competition moves to the things standards cannot specify: steel cleanliness, process control,
consistency across a million units. Standards set the floor; the industry's quality ladder is everything built above
it.

The life-rating standard deserves a word of its own, because it encodes an unusual honesty. ISO 281 does not
promise that a bearing will last; it defines the load at which ninety per cent of a group of identical bearings will
survive a million revolutions, and hands the designer the statistics to convert that into a service life at a chosen
reliability. (s33] A machine designer who specifies a bearing is therefore doing applied probability, whether or not
they think of it that way, and the whole procurement system - part number, datasheet, rating - is a machine for
moving that probability around between maker and user. Few commodities carry their failure statistics so openly
on the label. s57]

The Mounted Bearing

Walk through any farmyard, quarry, food plant, or bottling line and you will meet the bearing industry's most
practical invention: the mounted unit. The pillow block - a ball bearing sealed into a cast-iron housing with a
spherical outer seat, bolted down over a shaft - is how most of the world's conveyor rollers, fans, and agricultural
shafts are actually supported. It is the bearing packaged for people who have no press, no heater, no feeler
gauges, and no time. [s55]

The design solves three field problems at once. First, alignment: a long conveyor shaft supported at ten points is
never truly straight, and a rigidly seated bearing would be bent by its own housing bolts; the spherical seat lets
the bearing swivel a degree or two and find its own line, the same self-aligning insight Wingquist patented for the
textile mill, democratised into cast iron. Second, sealing: the unit arrives greased for a long interval and guarded
by seals and often by flingers that spin contamination away from the entry gap, because farm dust and grain husk
are abrasives with infinite patience. Third, speed of service: when the bearing finally wears, the mechanic loosens
two bolts, slips the unit off, and bolts a new one on. The machine's uptime is designed into the casting. (s55]

It is worth noticing how much of the bearing market this humble form represents. The glamorous end of the
industry - ceramic hybrids, magnetic spindles, instrument miniatures - is small next to the torrent of mounted
units pouring into agriculture, mining, food processing, and logistics, the industries that physically move the
world. The pillow block is also where the long tail of bearing makers competes hardest, because the technology is
mature and the buyer is price-sensitive, and it is correspondingly where the counterfeit problem bites deepest. A
cast housing with a trusted name painted on it, bought to keep a grain auger turning, is exactly where a fake does
quiet damage. [s24] The mounted unit is the bearing at its most democratic: unglamorous, interchangeable,
everywhere, and holding up more of the material economy than any precision showcase. [s55]

The Grease Cartridge

For most of the ball bearing's history, using one meant lubricating one - oil cups, grease guns, relubrication
schedules, and the standing risk that whoever held the grease gun would add too much, too little, or the wrong
kind. The transformation of the bearing into a fit-and-forget component came through two modest inventions that



get too little credit: the contact seal and the factory grease fill. Together they turned the bearing into a cartridge: a
unit that carries its own lifetime supply of lubricant, sealed at the factory, and never opened again. [ss6]

The engineering bargain inside a sealed bearing is precise. The grease fill is a measured quantity - typically a
quarter to a third of the bearing's free space - chosen because too little starves the contact and too much churns,
heats, and bursts the seals. The seal itself walks a tightrope: it must exclude dust and water for years while adding
as little drag as possible, because seal friction can exceed the rolling friction it protects. Shields - metal, non-
contacting - cost almost no friction but keep out only coarse dirt; rubber contact seals keep out a muddy field and
cost a few per cent of speed. The suffixes on a bearing's part number - ZZ, 2RS, and their national dialects - encode
exactly this choice, and the choice is one of the most consequential in the whole catalogue. (ss6]

The cartridge philosophy changed the bearing's customers as much as its design. It moved lubrication from a
maintenance trade to a manufacturing specification: the decision about what grease, how much, and what seal
migrated from the mechanic to the bearing maker's engineering department, where it could be optimised, tested,
and guaranteed. Most small and medium bearings sold in the world today are sealed and greased for life. The
grease gun has not vanished - big machines still need it - but the everyday bearing became, in the second half of
the twentieth century, the first machine component designed to be installed by a person who would never think
about it again. [ss6]

The Sealed Decision

Inside every bearing datasheet there is a decision most readers skip past, expressed in two or three letters: open,
shielded, or sealed. It deserves better, because it is a decision about what world the bearing will live in, and it
governs service life as strongly as the steel does. The open bearing is the athlete - nothing touching the balls but
grease and air, lowest friction, highest speed - and it is completely defenceless: it trusts the machine's housing to
keep the world out. The shielded bearing adds non-contacting metal guards that deflect gross contamination
while adding no drag; it is the machine designer's default for clean, enclosed spaces like motor interiors. The
sealed bearing adds rubber lips that touch the inner ring and close the gap entirely; it survives farms, mines, and
food plants, at the price of friction, heat, and a lower speed ceiling. [ss6]

The interesting part is how the choice couples to everything else. Sealing determines relubrication - a contact-
sealed bearing cannot be regreased, so its grease fill is its life sentence. It determines the failure mode: open
bearings tend to die of their environment, sealed bearings of their age. It even determines economics, since a
cheap sealed bearing can outlive an expensive open one in a dirty application, and the reverse in a clean one.
Application engineers learn the rule early: match the closure to the contamination, not to the price list. The letters
after the part number are the bearing's immune system, specified in two characters. [s56]



PART VII

The War of the Bearings

Twice in thirty years the world's air forces looked at the bearing
industry and saw a throat to cut. What the bombing of Schweinfurt
proved about the ball bearing — and what it got wrong.

In 1943 and 1944, the United States Eighth Air Force flew two of the most costly missions in its history against a single
industrial target: the bearing plants of Schweinfurt. The logic was impeccable. Every German aircraft, tank, truck, and gun
depended on ball and roller bearings; the production of those bearings was concentrated in one town; destroy the town's
factories and the whole war machine would, in the planners' phrase, grind to a halt. The chapters in this part examine
what happened when that logic met reality - the appalling losses of the raids, the modest and temporary damage to actual
bearing output, and the instructive reasons for the gap between them: dispersal, stocks, substitution, and the sheer
difficulty of destroying a precision industry from five miles up. The Schweinfurt story is usually told as military history. It
is told here as an industry story, because it is the purest test ever conducted of a proposition this whole book argues: that
the ball bearing is a strategic material, as much as oil or rubber or steel. The airmen who flew those missions understood
the component's importance perfectly. What they discovered is that an industry is harder to stop than its address.

CHAPTER 79

The Strategic Component

Every tank, aircraft, truck, gun carriage, machine tool and submarine of the industrial age rotates on bearings. By
the First World War this was already clear enough that American bearing makers formed an informal group in
1917 to coordinate production for the war effort — the seed of the Anti-Friction Bearing Manufacturers
Association, incorporated in New York in 1934 and now the ABMA. [s14] The bearing had become what economists
call a strategic bottleneck candidate: one small industry through which an entire war economy's output had to
pass.



Schweinfurt, 1943: the town that made a fifth of Germany's bearings became a target of the air war.

The logic is seductive. Modern weapons are assemblies of rotating machines; rotating machines are assemblies of
bearings; bearings come from a handful of precision plants. Cut the plants, and the tanks stop — not immediately,
but as stocks and spares run down. By 1942, Allied economic-intelligence analysts believed they had found exactly
such a choke point in Germany, and it had an address: Schweinfurt, the town Friedrich Fischer's ball mill had
made the centre of the bearing world. (so]

Why did the planners fix on bearings rather than engines, airframes or fuel? Because of arithmetic and
irreplaceability. Every aircraft, tank, truck and gun carriage in the Wehrmacht ran on ball and roller bearings;
the machine tools that built those machines ran on them too; and the supply was geographically concentrated to a
degree rare in any industry. Schweinfurt's plants were credited with around forty-five percent of German ball
bearing production, with the Kugelfischer works alone at twenty-two percent. so] Bomb the ball, the reasoning
went, and every wheel in Germany eventually stops. It was the cleanest bottleneck theory the air war ever
produced — and its test would cost hundreds of aircrew.

CHAPTER 80

Black Thursday

The factories in and around Schweinfurt accounted for a very large share of German ball bearing production —
American estimates credited the Kugelfischer plant with 22 percent, the two Vereinigte Kugellagerfabriken works
with 20 percent, and Fichtel & Sachs with another one percent. (so] In March 1943, ball bearings were named the
second-most-vital industry in the Pointblank directive governing the Combined Bomber Offensive. The first raid
came in August 1943, combined with Regensburg; American intelligence claimed it cut bearing production by 34
percent, at a cost in bombers that forced a pause to rebuild. s9)

The second raid, on 14 October 1943, became one of the most famous air battles in history: Black Thursday. The
Eighth Air Force sent 291 B-17 Flying Fortresses against Schweinfurt. Sixty were shot down; seventeen more were
damaged so heavily they were scrapped; 121 returned with battle damage. Of 2,900 airmen, about 650 were lost —
22 percent of the attacking crews. The 305th Bomb Group lost 13 of 16 aircraft in minutes; the 306th lost 100 men.



The official American history conceded that the Eighth Air Force had, for the time being, lost air superiority over
Germany, and unescorted deep-penetration daylight raids were suspended for four months. [s9]

And the bearing production the raid was meant to destroy? The factories were badly hit — and back in
production within six weeks. [s9]

THE ARITHMETIC OF BLACK THURSDAY

291 B-17s dispatched - 60 lost - 17 written off - 121 damaged - ~650 airmen lost of 2,900 - bearing production halted
for six weeks. [s9]

The Second Raid

The Eighth Air Force came back on 14 October 1943, and this time Schweinfurt was ready for them. Of 291 B-17
Flying Fortresses dispatched, 60 were shot down, 17 more damaged beyond repair and 121 returned with damage
— loss rates no air force could sustain. Some 229 bombers reached the city and dropped on the bearing plants in
two waves, the first between 14:39 and 14:45. The day went into American memory as Black Thursday, and the
daylight precision-bombing doctrine itself did not survive it: deep unescorted penetrations of Germany stopped
until long-range fighters could go all the way. [s91

The ball bearing had, in a sense no one intended, shot down its attackers. The raids proved both halves of the
strategic thesis at once: the component was valuable enough to spend hundreds of aircraft against, and the
industry was resilient enough to absorb the spending. German output dipped and recovered; dispersal, already
begun, accelerated; and the air planners moved bearings down the target list. The most bombed component in
history was never actually knocked out. [s9]

The Bottleneck That Wasn't

The Schweinfurt campaign is taught now as a lesson in the limits of targeting a component industry. Arthur
Harris of RAF Bomber Command had refused to join the panacea, doubting that ball bearings were the vital nerve
American intelligence claimed. Post-war analysis showed him right. Germany had built enormous reserves of
bearings; it imported from Italy, Switzerland and, pointedly, Sweden — where SKF continued to supply both its
home market and, through the entanglement of neutral trade, the belligerents. And German bearing production
itself was dispersed after the raids, moving the capacity out from under the bombers. By 1945, the Germans had
assembled larger bearing reserves than ever. [s9]

The deeper lesson is about what kind of industry the bearing industry is. Its products are small, durable,
stockpilable and tradable — everything a blockade-proof commodity needs to be. A modern war economy can be
hurt through bearings, as the raids proved at terrible cost, but not strangled through them as long as inventories,
substitutes and neutral suppliers exist. The ball bearing, designed to be interchangeable and ubiquitous, turned
out to be strategically slippery for exactly the reasons it was industrially supreme. No one who plans around
supply chains has quite forgotten it: the concentration of precision capacity in a few towns remains a live
question, now asked of bearing-grade steel, grinding machines and miniature bearings rather than of
Kugelfischer's plants.

The post-war interrogations told the uncomfortable story. German bearing production recovered within weeks
because the machine tools of Schweinfurt proved far harder to destroy than the buildings around them; heavy



grinders survived under rubble and were re-erected in dispersal sites across the countryside. The real damage
had been done differently — by forcing dispersal itself, by wrecking transport, and by the cumulative attrition of
every input at once. The lesson the targeters took into the cold war was precise: a modern economy's bottlenecks
are real, but they are defended by redundancy, repair and substitution, and a single brilliant raid cannot close
them. The bearing had defeated its enemies by being, in the end, too well made to kill. [s9]

The First War and the Association

The First World War was the ball bearing's first total war, and it reorganised the industry on both sides of the
Atlantic. Before 1914, most ball bearings used in the United States were imported from Germany. (s10] The war cut
that supply overnight and turned bearing-making from a trade into a national capability question. In 1917,
American bearing manufacturers formed an informal group to coordinate production for the war effort; the
grouping matured into the Anti-Friction Bearing Manufacturers Association, whose articles were ratified in 1933
and which was incorporated in New York in 1934 — today's ABMA, the body whose standards (including the ABEC
precision grades and Standard 10A for bearing balls) still govern the trade. (s141(s15] Timken's answer to the same
shock was vertical: its first Canton steel plant opened in 1916 to put bearing-quality steel under its own control.
(s10] SKF's answer was geographical: subsidiaries and factories multiplied through the war years despite, and
partly because of, the fragmentation of supply. (571

The interwar years then made the industry global in the modern sense — SKF's 1929 purchase of seven German
factories into Vereinigte Kugellagerfabriken being the boldest stroke — while the automobile made it mass. [s7]
rs10] When the second war came, the bearing was no longer merely strategic in theory: it was mapped, tonnaged
and targeted.

The First World War had already taught the lesson Schweinfurt would make famous. Between 1914 and 1918
every belligerent discovered that its bearing supply was a war resource: Germany's output concentrated in
Schweinfurt's plants, France's in a few works, Britain suddenly dependent on imports it had assumed were trade,
not strategy. The response everywhere was the same — national capacity built under state pressure, and an
industry that emerged from the war larger, more scientific, and permanently listed in every general staff's target
folder. The bearing had joined the short list of components, with explosives and fuel, that modern war cannot do
without. [s141[s10]

The Neutral Supplier

One of the stranger subplots of the bearing wars is the position of Sweden — home of SKF, neutral in both wars,
and a high-quality bearing producer sitting between the belligerents. Post-war analysis of the Schweinfurt
campaign found that German bearing supply held up partly through imports from Italy, Switzerland and Sweden.
1s91 The bearing, small, durable and valuable by weight, was exactly the kind of goods that neutral trade could
keep flowing when bulk commodities could not.

The episode carries a durable lesson about this industry's resilience: production can be bombed, but capability is
hard to burn. Machine tools can be dispersed, stocks can be moved, designs travel in drawings, and skilled
grinders cannot be targeted from the air. Six weeks after Black Thursday, Schweinfurt's plants were producing
again; by 1945, German bearing reserves were larger than ever. [so] The Allies eventually achieved with ground
occupation what air power could not — and then, in the cold war that followed, the same Schweinfurt works were
rebuilt inside the western alliance they had been bombed to destroy. Post-war production at Schweinfurt and
Cannstatt began slowly in 1948, with rebuilding complete by 1951. [s7]



The arrangement was never comfortable on either side. SKF's American operations were severed from
Gothenburg's control for the duration, and Allied economic warfare agencies argued continuously about how
much bearing trade through neutral Sweden was too much — while Germany depended on Swedish ball
bearings, Swedish specialty steel and Swedish machine tools to keep Schweinfurt running. Neutrality, in practice,
meant supplying both war economies and being resented by both. The bearing's strategic status had created a
market in which even the neutrals could not afford to be neutral about it. [s9]

The Inspector's Eye

The bearing is the rare mass product whose promise is statistical, so its makers learned to inspect not samples but
everything. Modern bearing production ends in gauntlets of automated measurement: every ring's raceway
diameter, roundness, and surface finish gauged; every ball graded by diameter and sphericity into lots differing
by fractions of a micron; every assembled bearing spun and listened to. The grade numbers on precision balls -
Grade 10, Grade 5, Grade 3, each halving the permitted deviation - are the visible tip of this inspection regime. [s15]

The grading of balls deserves a moment, because it is sorting raised to a philosophy. Balls come off the lapping
plates in populations whose diameters scatter by a few microns; instead of chasing absolute uniformity, the
industry measures each ball and bins it, then builds bearings from single-bin lots so every ball in a bearing shares
the load equally. A bearing with one oversized ball is a bearing with one overloaded ball - the load-sharing
arithmetic of the contact patch makes uniformity worth more than absolute size. The same logic reaches the
assembled product: vibration-velocity testing on every finished bearing catches the raceway defect, the
contaminated grease, the dented ball, before the box is sealed. [s15] [S55]

What the inspection regime purchases is the commodity miracle this book keeps returning to: a component so
consistent that customers design it in without testing it. The cost structure studies of the industry show the price
of this - inspection and gauging equipment, metrology laboratories, and the slow throughput of measurement are
real fractions of a bearing's cost, and one reason the qualification wall stands so high. (s16] The inspector's eye,
now mostly a laser and a vibration sensor, is the last process every bearing passes - and the reason the stranger
who buys the box can trust the ring inside it. [s15]

The Shelf Life

A ball bearing begins dying before it is ever used. The enemies of the warehouse - humidity, condensation,
vibration in transit, dust, time itself - work on the raceway from the day the bearing leaves the factory, which is
why the industry treats packaging and storage as engineering, not logistics. [s56]

The standard defences are a rust-preventive oil or compound on the bright surfaces, a vapour-phase inhibitor
paper or polyethylene wrap around that, and the maker's box around both - a system designed to hold a
machined-steel surface at micron finish through months of container ships and distributor shelves. The discipline
has rules that surprise outsiders: bearings are stored flat, not on edge; kept in their sealed boxes until the moment
of fitting; never washed free of their preservative with anything that strips the film; and handled with the
understanding that a fingerprint's salt etches a raceway. The failure chapters of this book note that corrosion
during standstill is a recognised bearing killer; most of it begins on a shelf. (sse)

The box itself has acquired a second job in the counterfeiting era: identity. The genuine maker's packaging carries
the markings, holograms, and app-verifiable codes that the anti-counterfeiting campaigns tell buyers to check,
because the counterfeiters copy the bearing's outside but rarely the whole chain of pack, print, and code. [s24] And



the shelf has a clock even under ideal storage: greased sealed bearings age in the box, their grease slowly
stiffening, which is why stock rotation - first in, first out - is standing policy in every competent bearing store. The
component whose working life is calculated in millions of revolutions has a calendar life too, and the industry's
quiet packaging discipline is what makes sure the customer gets the whole of both. [sse]

The Assembly Line's Rollers

The factory that defined the twentieth century - the moving assembly line - is a bearing machine before it is
anything else. The line itself rolls: chains, rollers, skids, and turntables carry the workpiece past the workers, and
every one of those elements turns on bearings. Then the stations roll: power tools, robot wrists, welders, and
presses. A car plant is less a building than a population of rotating components wearing a roof, and its availability
- the percentage of the minute the line is moving - is, in large part, a bearing maintenance story. [sss]

The assembly line changed what the bearing industry had to be. A line that stops costs its owner by the minute, so
line bearings are bought on uptime and delivered on ruthless logistics; a plant the size of a car factory consumes
bearings not one at a time but as a managed population, with contracts, consignment stocks, and engineers from
the bearing house embedded in the maintenance plan. This is where the industry's service model was born: the
bearing maker stopped selling boxes and started selling the assurance that the line would move. The major
houses' industrial-service divisions - the people who audit a plant's bearings, standardise them, stock them, and
increasingly monitor them - grew out of exactly this relationship. (5191 (s17]

There is a nice historical symmetry to notice. The assembly line existed to standardise the manufacture of
complex machines; it could only exist because its own moving parts had already been standardised. The
interchangeable bearing - same dimensions, same ratings, same behaviour, from any qualified maker on any
continent - is one of the preconditions of the line, and the line in turn became one of the bearing's largest and
most demanding customers. Mass production rests on mass-produced rotation. [s55]

The Power Tool's Scream

The angriest small bearings in daily life are in power tools. An angle grinder's spindle runs at eleven thousand
revolutions per minute inside a storm of abrasive dust, carried in bearings that also absorb the kick and chatter of
the disc; a demolition hammer's bearings survive impacts that would brinell a lesser assembly in an afternoon; a
drill's chuck spins on bearings that must stay true through being dropped off ladders. The power tool is where the
miniature bearing meets the construction site. [s55]

The specification follows the abuse. Tool bearings are sealed against dust that is not merely abrasive but
conductive - grinding dust is steel - yet the seal must add almost no drag, because a cordless tool pays for friction
in battery minutes. They run hot, in housings designed for airflow over the motor rather than the bearings. They
are pressed into plastic as often as metal, so their fits and clearances must tolerate the housing's own movement.
And they are produced at a scale and price that make them the sharp end of the industry's cost engineering: a
professional tool's bearing might cost less than its packaging and still be expected to survive a thousand hours of
masonry dust. [s55]

The tool trade is also the counterfeiter's favourite habitat, and the reasons are instructive. The volumes are huge,

the price pressure is savage, the buyer cannot inspect quality, and failure is blamed on the tool, not the bearing. A
counterfeit 608 in a skateboard wastes a dollar; a counterfeit spindle bearing in a grinder fails in a cloud of sparks
at eleven thousand revolutions. The anti-counterfeiting campaigns described elsewhere in this book were written,



in large part, for the power-tool aisle. [524]

The Turbine's Spin

The largest rotating machines on earth - the steam and gas turbines that generate most of the world's electricity -
run almost entirely on plain bearings, and the reason is the cleanest illustration in this book of the boundary
between the two bearing worlds. A power-station turbine shaft can weigh fifty tonnes, spin at three thousand
revolutions a minute, and carry blades whose tips move faster than sound. Its bearings must hold that shaft
within hundredths of a millimetre for decades, through load swings, thermal growth, and the occasional out-of-
balance event that would be called an explosion anywhere else. [s61]

The oil-film journal bearing owns this job for reasons of physics, not habit. The hydrodynamic film scales
beautifully with size: the bigger and faster the shaft, the thicker and more capable the film, until the plain
bearing's load capacity becomes effectively unlimited by rolling-element standards. The film also damps vibration
- a property rolling bearings conspicuously lack, and one that matters enormously when the rotor's flexural
resonances must be passed through during every run-up. And the plain bearing wears almost not at all, as long as
the film holds, because nothing touches: a turbine bearing's enemies are not fatigue but the film's failure modes -
starvation, overheating, oil whirl - each of which a century of turbine engineering has learned to instrument and
prevent. [s61]

The generator end tells the same story, and the grid as a whole depends on it: the electricity powering the reader's
screen was almost certainly generated by a machine floating on wedges of oil. The rolling bearing's empire stops
at the turbine hall's door not because it failed there but because it was never needed there - the boundary drawn
by load, speed, size, and damping exactly where the theory of this book's science chapters predicts. The two
bearing worlds are not rivals. They are a partition, and the turbine hall is its clearest wall. [s61]

The Home Appliance's Hum

The washing machine's spin cycle is a bearing endurance test performed in every home. A drum loaded with wet
laundry is inherently unbalanced - the clothes clump, the load shifts, and at twelve hundred revolutions per
minute the imbalance becomes a rotating hammer aimed at the drum's bearings, inside a casing full of hot water,
detergent, and steam. That the machine survives a decade of this is one of the small bearings' least-acknowledged
triumphs. [s55]

The appliance specification is the motor specification with the difficulty turned up. The bearings are sealed and
greased for life, because no homeowner will ever oil them. They must be quiet, because the machine lives in the
kitchen. They must tolerate misalignment as the drum's suspension flexes, resist corrosion from detergent-laden
humidity, and above all be consistent, because the appliance maker builds them in by the million and a bad batch
becomes a recall. The drum bearing pair - a deep-groove ball bearing at each end of the spider shaft, behind a
water seal - is among the highest-volume bearing applications in the world, shared with the refrigerator's
compressor, the vacuum cleaner's motor, the fan, and the dishwasher pump. The modern home contains dozens
of ball bearings, and the householder's only evidence is the hum that gives this chapter its name: the sound of
good grease, true races, and balance. [s55]

The appliance trade also shows the industry's demand logic at its simplest. Washing machines are replaced on
roughly ten-year cycles, and each new machine needs its bearings new - a vast, steady, replacement-insensitive
demand that forms the bedrock under the small-bearing market. When the market studies cited in this book



count their billions of units and steady growth rates, this is the kind of demand doing the counting: unglamorous,
universal, and renewed with every kitchen on earth. [s16]

The Compressor's Duty

The machine that makes cold - the refrigeration compressor in every fridge, freezer, air conditioner, and
supermarket chiller cabinet - is the most numerous sealed machine on earth, and its bearings are sealed inside
with the refrigerant. The hermetic compressor is welded shut at the factory for its entire life, so its bearings must
outlive the appliance without service, bathed not in oil chosen for them but in whatever lubricant the
refrigeration circuit carries, at temperatures and pressures that vary with the weather outside the cabinet. [s55]

The hermetic environment rewrites the bearing's rules. The lubricant must be miscible with the refrigerant, and
both must be chemically stable together for twenty years; the bearing materials must tolerate the pair; and there
is no possibility of inspection, adjustment, or replacement - a hermetic compressor does not get a second chance.
The industry's answer has been materials and process: bearing steels and finishes proven against specific
refrigerant-oil pairs, tolerances and clearances chosen for the thermal range, and cleanliness standards driven by
the certainty that a particle inside a sealed compressor circulates forever. The air-conditioning boom - the fastest-
growing load on the world's electricity grids - is, component by component, a bearing boom conducted inside
welded steel shells. [s55] [523]

The cold chain as a whole - compressors, condenser fans, evaporator fans, conveyor systems in cold stores - is one
of the bearing's least visible empires, and one of the most consequential: food, vaccines, and data all move
through refrigerated space now. The bearing's role is the usual one, invisible until it fails, at which point the cold
chain discovers how much of it was rolling. [s55]

The Escalator's Steps

The escalator is the public's most intimate encounter with industrial bearings: a machine whose chain, steps, and
handrail are carried on hundreds of rollers and bearings, which millions of people trust with their balance every
day, and which must run for decades under loads that arrive in rushes. Every step runs on rollers; the drive chain
articulates on bearings; the main drive and handrail drives are gearboxes full of the opposed tapered pairs this
book has described. An escalator is, structurally, a conveyor built for people, with all the conveyor's bearing logic
and none of its tolerance for failure. [ss5] [s56]

The public-transport duty cycle shapes the specification. Metro escalators run twenty hours a day, reverse
direction, stop and start under full load, and live in station dust for thirty years; their bearings are selected,
sealed, and monitored accordingly, and their failure is treated as an availability event for an entire transit system.
The industry's own record-keeping surfaces here in unexpected places: Schaeffler's historical essay notes FAG
bearing units in Istanbul's metro rolling past 2.7 million kilometres - the kind of service-life milestone that transit
authorities trade among themselves as proof of a component's pedigree. [s53]

The escalator and its quieter cousin the elevator complete this part's census at its most human scale. The census
began with statues rotating on bronze balls for an emperor's pleasure; it ends, for now, with a billion daily
journeys on stairs that move. Between the two is one continuous engineering idea: take the load, let it turn, and
never make the passenger think about how. [s53] [s44]



PART VIII

The Invisible Empire

Where ball bearings actually live: every wheel, motor, turbine, scanner
and toy. A census of the rotating world.

The ball bearing's empire is invisible because it is internal. Almost every rotating machine built in the last century carries
bearings, and almost none of their users have ever seen one. This part conducts a census of that empire, from the sublime
to the domestic: the railway axle boxes whose nineteenth-century failures forced the industry into existence and whose
modern descendants run for millions of kilometres untouched; the wind turbine main bearings, the largest rings the
industry makes; the gyroscope bearings that include the most perfect spheres ever manufactured; the dental drill
spinning at a third of a million revolutions per minute against a patient's tooth; the hard drive, which abandoned ball
bearings for fluid films and thereby taught the industry a lesson; the fidget spinner, which for one summer made the
sensation of low-friction rotation a global consumer product; and the turbocharger, the CT scanner, the robot wrist, and
the yo-yo. The point of the census is not marvel but structure: the same four-part component serves every one of these
machines, differing only in scale, precision, and duty. No other mechanical element spans so much of the built world with
so little variation in its essential idea.

CHAPTER 93

The Motor and the Appliance

The single largest employer of ball bearings is the electric motor. Every motor is two bearings and a spinning
field; every appliance, fan, pump, compressor and power tool contains at least one. The market data read like a
census of this empire: deep groove ball bearings — the motor bearing par excellence — draw their dominance
from "broad use across electric motors, appliances, fans, pumps, automotive auxiliaries, and general machinery,"
in the words of GMI's market analysis. [s16] Your refrigerator compressor, ceiling fan, washing machine, vacuum
cleaner, laptop fan and air conditioner all turn on ball bearings, mostly small, sealed, greased for life, and
manufactured in the hundreds of millions.



MinebeaMitsumi's record bearing — 1.5 mm across, six balls and a cage — on a fingertip.

Industrial motors multiply the count. Pumps move the world's water and oil; compressors pressurise its
refrigerants and gases; conveyors carry its parcels and ore. Regulation now reaches even here: European
Ecodesign rules for motors and variable-speed drives push buyers toward low-friction, high-efficiency bearing
configurations, because a few watts of friction, multiplied by millions of motors and thousands of running hours,
is a power station's worth of wasted energy. [s16] The bearing industry sells, among other things, an energy-saving
technology — and has begun to say so explicitly.

The motor-bearing pairing is also why the industry's fortunes track electrification rather than any single product
cycle. Every increment of electrified civilisation — a factory automated, a home air-conditioned, a water system
pumped — arrives as an electric motor, and every motor arrives with two bearings already inside. The deep
groove ball bearing's dominance of the ball market is, in the market analysts' telling, precisely this ubiquity priced
in: broad use across motors, appliances, fans, pumps and general machinery makes it the default rotating joint of
the built world. (s16]

CHAPTER 94

The Automobile

The car is the ball bearing's oldest mass customer after the bicycle, and still its largest single outlet. [s16] Wheels,
transmissions, steering columns, alternators, water pumps, air-conditioning compressors, electric power steering,
seat rails, throttle bodies — a conventional car carries ball bearings by the dozen. Global motor vehicle
production reached approximately 93 million units in 2024, and each of those vehicles carried its complement of
small-bore deep groove, angular contact and sealed bearings. [s16]

Electrification is rewriting the specification sheet without shrinking the count. Traction motors and e-axles spin
faster than anything in a combustion drivetrain; inverter-driven auxiliaries impose electrical-current stresses;
thermal-management pumps and reduction gears add new positions. Electric car sales exceeded 17 million units
in 2024 — more than a fifth of all new cars sold — and each one shifts demand toward premium steel, hybrid and
sealed configurations. [s16] The ball bearing, which entered the car through the wheel hub, is being redesigned



inside the electric motor itself — the subject of Part XI.

The car's bearing count grows with every generation's refinement. A conventional passenger car carries well over
a hundred bearings of all rolling types, and the ball bearing's share spans wheel hubs, the gearbox, the alternator,
the steering column, the air-conditioning compressor, the seat adjusters and the throttle. [s53] Electrification
rearranges rather than removes the demand: the e-axle adds a high-speed motor on two precision bearings, while
the combustion engine's auxiliaries disappear. The industry watches the transition with a calculator, not
nostalgia. [s16]

Wind, Water and Power

A wind turbine is a monument to the rolling bearing. The main shaft, the gearbox (where fitted), the generator,
the yaw drive that turns the nacelle into the wind and the pitch drives that feather each blade all run on bearings,
most of them large and some of them enormous. The specialist slewing-bearing makers — thyssenkrupp rothe
erde, Liebherr and their rivals — count their output in monuments: thyssenkrupp rothe erde marked its 1,000th
main bearing for multi-megawatt turbines as a milestone. [s50] [s52] At the frontier of size, China's Sinomach
reported in 2025 that its bearings equip the world's largest 17-megawatt direct-drive floating wind turbine
generator. [ss1] Wind's pitch systems, in particular, are ball bearing territory: four-point contact bearings that hold
each blade root against the storm. [s16]

Hydro and thermal generation lean on bearings of every size, as does the grid's vast population of pumps and
fans. The energy transition has not reduced the world's dependence on rolling elements; it has relocated it —
from the crankcase to the nacelle.

The Miniature World

At the other end of the scale, the ball bearing shrank until it became invisible. MinebeaMitsumi's record-bearing
— 1.5 mm outer diameter, 0.5 mm bore, 0.65 mm wide, six balls and a cage — is not a laboratory piece but a mass-
produced commercial product. [s22] Miniature bearings are the hidden infrastructure of smallness: they run the
fans that cool every server rack and laptop, the spindles of hard disk drives, the scanners and printers, the
gimbals of camera drones, the medical and dental handpieces whose turbines spin at hundreds of thousands of
revolutions per minute. The market analysts note that growth is concentrating precisely here — in miniature
bearings for data-centre cooling, precision equipment and robotics. [s16] Every time the computing world gets
smaller or hotter, the miniature bearing industry gets another order book.

The miniature trade is a study in inverted economics. The smaller the bearing, the less steel it contains and the
more it costs per gram: value migrates from material to tolerance, cleanliness and gauging. MinebeaMitsumi's
dominance — over sixty percent of the world market for miniature and small-sized ball bearings up to twenty-
two millimetres outer diameter — rests on vertical integration carried to an extreme, making its own balls, cages,
lubricants and even machine tools in-house. [s22] In the miniature world, the bearing maker is also the bearing-
steel user, the cage moulder and the metrology lab, because no supplier can be trusted with tolerances your
whole reputation depends on.

Precision and Play



Between the turbine and the toy lies the precision world. Machine-tool spindles — the rotating heart of every
lathe, mill and machining centre — run on angular contact ball bearings of the highest precision classes, and the
accuracy of everything manufactured anywhere is ultimately limited by the runout of those bearings. Robotics
adds a new frontier: the 541,000 industrial robots installed worldwide in 2023 each carry precision bearings in
every joint, with controlled runout, low vibration and high-cycle fatigue requirements. (s16] Aerospace carries the
requirement to its extreme — engine mainshaft bearings in M50 tool steel, instrument bearings in gyros, airframe
bearings that must simply never fail. [s34]

And then there is play. Skateboards, scooters, fishing reels, yo-yos and inline skates turned the 608-size bearing —
22 mm outside diameter, the miniature industry's standard — into a cultural object in its own right. In 2017 the
bearing briefly became the most visible manufactured object on Earth: the fidget spinner, three paddles around a
central ball bearing, went from American fad to global craze in about three weeks. All twenty of Amazon's top-
selling toys in May of that year were fidget spinners or their cube cousins; NPD estimated at least 19 million sold
in twelve rich countries in the first half of 2017, and other estimates put the figure above 50 million. (s251 A
precision machine element, mass-produced to spin true for minutes on end, became a toy precisely because the
industry had made perfection cheap. The inventor of the precursor device, Catherine Hettinger, had let her patent
lapse in 2005 and saw almost none of the money — a coda about who, in this industry, captures value. [s42]

The Census of Dependence

Add the empire up. Transport: cars, trucks, trains, aircraft, ships' auxiliaries, bicycles, e-scooters. Energy: wind,
hydro, thermal, oil and gas machinery. Industry: motors, pumps, compressors, machine tools, robots, conveyors,
textile machines, printing presses, agricultural machinery. Home: appliances, fans, computers. Medicine:
scanners, dental drills, laboratory centrifuges. The ball bearing is not one industry's component; it is the joint
tissue of the entire mechanical world — the reason that a $17.5 billion component market can reasonably be
called, as SKF's own market page does, a critical segment of the machinery industry. (s161[519]

Human dependence on it is nearly total and nearly invisible. That combination — total dependence, zero
attention — is precisely the IOI reason for giving it a book.

The census has a sobering implication for industrial policy. A country can assemble cars, build wind turbines and
fill its kitchens with appliances while importing every critical bearing inside them — and most countries do
exactly that, because the top slice of the bearing industry resists late entry harder than almost any mechanical
trade. The dependence is invisible in trade statistics, where bearings hide inside machinery categories, and visible
only in moments of shortage: when bearing supply tightens, as the price indices signalled in early 2026, the queue
forms at the grinding shops of six companies and a few dozen specialists. [516][519]

The Pump's Steady Heart

The world's factories and cities run on pumped fluids - water, sewage, oil, chemicals, refrigerants, milk - and
every pump is a bearing assembly with an impeller attached. The centrifugal pump's shaft overhangs its casing
with the impeller at the end, so its bearings carry not just the rotor's weight but the hydraulic forces of the fluid
being moved: radial loads from pressure imbalances, thrust from the impeller's suction, and the vibration of
whatever the fluid is doing. The pump is where bearing failure statistics become a maintenance department's
daily bread. [sss]

Industrial surveys of rotating machinery have for decades pointed the same finger: in pumps, the bearing and its



lubrication are the leading cause of failure and the leading cost of ownership. The reasons are the ones this book
has catalogued in miniature - contamination past tired seals, lubricant aged or wrong, misalignment from pipe
strain, cavitation's vibration hammering the races - and they explain why pump bearings became the classroom
of modern maintenance. It was on pumps and their kin that condition monitoring proved its economics most
plainly: a vibration sensor and a grease program, applied to a population of a few hundred pumps, routinely cuts
a plant's unplanned bearing failures by a large fraction, which is why the chemical and refining industries were
early converts to everything from oil analysis to bearing-mounted sensors. [576] [S55]

The pump also demonstrates the bearing's quiet role in the energy ledger. Pumps consume a significant share of
the world's electricity - by common industry estimates a fifth or more of all motor energy - and every pump's
efficiency depends in part on how truly its shaft is borne. A bearing that runs cool and true is not just reliable; it
is, watt by watt, a climate technology, which is why the industry's efficiency claims now appear in its customers'
sustainability reports as well as its own. [s16]

The Office Machine

For half a century the densest civilian population of precision bearings was not the car or the computer but the
office machine. The photocopier and the laser printer - the engines of the paper office - carry a swarm of small
bearings: in the fuser rollers that melt toner into paper at high temperature, in the scanner carriage and the
polygon mirror spinning at tens of thousands of revolutions per minute, in the feed rollers and drive motors. The
polygon-mirror bearing, spinning the faceted mirror that sweeps the laser across the drum, was for years among
the fastest and quietest small bearings in mass production. [ss5]

The office machine is worth a chapter as a case study in specification under cost pressure. A copier's bearings
must survive fuser heat at one end and office dust at the other, run quietly enough for a library, and cost so little
that a machine selling for a few hundred dollars remains profitable. The industry's answers - special high-
temperature greases, thin-section and miniature series, engineered-plastic cages, and above all relentless
consistency at volume - migrated directly into the consumer electronics that followed. The camera lens's focus
and zoom mechanisms, the projector's colour wheel, the game console's drive: the small-bearing trade that once
served the office now serves the home, largely unseen, in devices that would feel broken in a week without it. [s55]
[S22]

The paper office is receding, and with it the copier's bearing swarm - a small, instructive market decline inside the
industry's otherwise stable map. But the capability it paid for persists: the makers who learned to spin a polygon
mirror silently for a decade apply the same art to drone motors, surgical tools, and the cooling fans that keep the
cloud's servers alive. Bearing markets die; bearing capabilities almost never do. (s22]

The Fishing Reel's Cast

The most performance-obsessed small bearings sold to consumers are not in skateboards or spinners but in
fishing reels, where the bearing's quality is experienced as distance. A baitcasting reel's spool must accelerate
from rest to tens of thousands of revolutions per minute in the instant of a cast and then spin free, because every
fraction of drag is subtracted from the lure's flight. Reel makers advertise their bearing counts the way car
makers advertise horsepower, and the market for upgraded reel bearings - ceramic hybrids, dry-treated, open-
race competition bearings - is a real if niche corner of the industry. (s22]

The reel is a genuine engineering problem in miniature. The bearings are tiny - the miniature series the Japanese



houses dominate - and must combine near-zero friction with resistance to water, salt, sand, and neglect. Salt is the
enemy the seal must defeat without adding the drag that eats casting distance, a tighter version of the seal
designer's universal tightrope. The premium solutions are exactly the industry's high-end toolkit shrunk to hobby
scale: hybrid ceramic balls that neither corrode nor need heavy grease, shields instead of seals where cleanliness
allows, and oils instead of grease where a ritual of maintenance is part of the sport's pleasure. [522] [523]

It would be easy to treat the reel as a curiosity, but it teaches the same lesson as the skateboard and the fidget
spinner, at a higher price point: wherever a consumer can feel rotation directly, bearing quality becomes a
marketed attribute, and a component designed for invisibility acquires a brand. The reel angler comparing spool
bearings is doing, in folk form, what the machine designer does with a datasheet - reading friction as value. The
bearing's empire has a folk border, and the fishing reel sits on it, next to the skateboard and the yo-yo. [574] [522]

The Steel Mill's Own Bearings

There is a satisfying recursion at the heart of heavy industry: the mills that roll the steel from which bearings are
made are themselves carried on some of the largest and hardest-worked bearings ever built. A hot strip mill's
work rolls, pressing red-hot steel sheet at thousands of tonnes of separating force, turn in enormous multi-row
bearings - four-row tapered and cylindrical constructions a metre across - that must hold the roll gap true while
being hammered, heated, and sprayed with water and scale. [s55]

The rolling mill's bearing problem is load multiplied by contempt for every assumption in the catalogue. The
loads are monstrous and shock-laden, as each slab's head slams into the roll bite. The environment throws scale,
steam, and water at the seals. The speeds vary from crawl to racing strip. And the accuracy requirement is
absolute, because the roll's runout prints directly onto the sheet's thickness - a steelmaker's product tolerance is,
at one remove, a bearing tolerance. The industry's answers are the heavy-artillery families: four-row tapers
adjusted on the roll neck, sealed multi-row cylindricals, and oil-film bearings at the very largest stands - the one
place the plain bearing still rules the rolling mill, exactly because its film can be made thick, stiff, and
continuously renewed. [s55] [S61]

The recursion has a point beyond charm. The quality of bearing steel - the cleanliness this book's materials
chapters describe - is set in mills whose own productivity depends on bearing performance, and the two have
climbed together for a century. Better mill bearings made better sheet; better steelmaking made cleaner bearing
steel; cleaner steel made better bearings, which made better mills. The ball bearing's history is full of these loops,
where the component is simultaneously product, tool, and customer of the same industrial system. It is one
reason the industry's progress feels self-reinforcing: in a very literal sense, it is. [s55]

The Gearbox's Pairs

Open any industrial gearbox, car transmission, or axle differential and you find the same arrangement repeated
with devotional consistency: shafts carried in pairs of tapered roller bearings, mounted in opposition, adjusted
against each other so the shaft can move neither in nor out nor sideways. The opposed pair is the standard
sentence of power transmission grammar, and it exists because gears, unlike pulleys, push shafts apart and along
as well as around. [ss6]

The gear mesh is the reason. A helical gear's teeth wrap around the gear like a screw thread, so transmitting
torque generates thrust along the shaft as well as force across it; a pair of gears in a reduction stage loads its
bearings in every direction at once, and the loads reverse and surge with the machine's duty. The tapered roller



bearing was made for exactly this - its angled contact carries radial and axial load together - but one taper only
works one way. Mount two in opposition, adjust the pair to a slight preload, and the shaft is held in an elastic vice:
no endplay for the gears to chatter with, no looseness for the bearings to hammer themselves with, stiffness in
both directions. The car industry runs this pattern by the hundred million in its transmissions and differentials; it
is the largest single use of the tapered geometry Timken patented for wagon axles. [s56]

The adjustment of the pair is where craft enters. Too loose and the gears beat the bearings; too tight and the
preload itself becomes the load, eating life and generating heat. Every gearbox ever assembled embodies that
judgement, made by a technician with a torque wrench or by an automated cell with a load cell - and increasingly
by the bearing itself, as makers supply matched, pre-set units that remove the variable entirely. It is the cartridge
philosophy again, working its way from the farm to the transmission plant: take the adjustment out of the field
and give it to the factory, where it can be measured. [s56]

The Crusher's Shock

The most violent workplace any bearing endures is the rock crusher. A jaw or cone crusher reduces boulders to
gravel by pounding them between hardened surfaces, and every pound of that pounding arrives at the bearings
as shock - not the smooth, calculable load of the textbook, but hammering, asymmetrical, dirt-filled violence, shift
after shift, for years. The bearing that survives it is the industry's heavyweight: the spherical roller bearing,
barrel-shaped rollers in a spherical outer raceway, the design that forgives everything. (sse]

The spherical's tolerance is structural. The spherical outer race lets the whole rolling complement swivel, so shaft
deflection and frame distortion - constant companions of a machine that flexes as it chews rock - pass through the
bearing without edge-loading the rollers. The line contact carries the enormous loads. And the whole assembly is
wrapped in seals and labyrinth arrangements against the crusher's atmosphere, which is powdered stone: the
most abrasive environment a bearing can be paid to work in, the same dust that made the agricultural seal a
philosophy, weaponised. [s56] [s55]

Mining and quarrying are worth a chapter because they show the industry's segmentation at its most extreme.
The crusher bearing is the opposite of the instrument bearing in every variable - huge, dirty, shock-loaded, slow -
yet it is the same four-part machine element, obeying the same Hertzian mathematics, bought on the same
calculation of cost per hour of uptime. The quarry operator and the gyroscope maker are served by different
catalogues of the same few companies, and the companies' ability to span that range - from a half-millimetre
instrument bearing to a half-tonne spherical - is itself one of the industry's structural facts, and one of its moats.
[S56]

The Fan Wall

If the ball bearing has a single mass home, it is the electric motor. Billions of motors are built every year - fans,
pumps, compressors, power tools, appliances, HVAC blowers - and almost every one of them carries two small
ball bearings, one at each end of the shaft. The pattern is so dominant that whole families of bearings, including
the 608 made famous by skateboards, descend from motor practice, and a large share of the world's total bearing
output goes, two at a time, into motor end-shields. [s55] [S16]

The motor shaped the small bearing's specification. Motors run for years unattended, so the bearings are sealed
and greased for life. Motors are bought partly on noise, so the industry developed its quietest standard grades for
them - low-noise grease, honed raceways, cages tuned against rattle. And motors are built by the hundred million



on assembly lines that cannot stop, so motor bearings are where the industry's consistency is proved: a fan maker
in Guangdong or a pump maker in Coimbatore presses in ten thousand bearings a day without testing any of
them, and the defect rate must be low enough that this is rational. That is the true meaning of the quality ladder
described in this book - not that the best bearings are exquisite, but that the ordinary ones are trustworthy at a
scale where nobody checks. [s55]

The motor is also where the bearing's future is being negotiated. The spread of inverter drives - variable-speed
controls on everything from factory motors to heat pumps - pushed shaft currents and electrical erosion from an
obscure failure mode into a mainstream one, and the industry's answers, the insulated and conductive and
hybrid bearings of the futures chapters, arrive first in motor catalogues. (s26] The fan wall is not glamorous. It is
where the electrified world will quietly decide what the standard bearing of the next fifty years is.

The Railway's Second Century

The railway made the rolling bearing necessary; the rolling bearing took a century to fully repay the debt. The
first generation of railway axle boxes were plain journal bearings - brasses riding on the axle, oiled and watched
and still failing hot often enough that the hotbox became a standard hazard of nineteenth-century railroading.
The journal bearing chapters of this book describe why: the oil film is a wonderful thing until it breaks down at a
bad moment, and a railway axle offers many bad moments. [s61]

The conversion to rolling bearings was slow, then total. Early roller-bearing axle boxes appeared before the First
World War; by the middle of the twentieth century the tapered roller bearing cartridge - two tapered bearings in
a sealed, pre-greased unit pressed onto the axle - had become the standard, and the hotbox went the way of the
steam whistle. The modern cartridge is fit-and-forget at railway scale: pressed on, sealed for a million kilometres,
and monitored by the trackside detectors that replaced the watchman's nose. [s55]

The railway's second century with the bearing is about extremes of verification. No application qualifies bearings
more slowly or monitors them more obsessively, because no failure is less forgivable than one under a train at
speed. Axle-box bearings carry their own standards, their own test regimes, and their own traceability, and the
industry's response - units that report temperature, that log their own service history, that are remanufactured
under factory control rather than scrapped - is the carriage of every modern theme in this book back to the
application that started it. The wheel on the rail is steel on steel, rolling, exactly as it was in 1830. Everything
about how it is borne has been remade twice. [s61] [s55]

The Skateboard's Eight

The most widely owned precision bearings in the world are not in cars or computers but bolted under
skateboards, inline skates, and scooters, eight at a time. The standard skateboard wheel bearing - the 608, an
eight-millimetre-bore deep-groove bearing descended from the electric-motor trade - is produced in the hundreds
of millions, sold at prices from a dollar upward, and wrapped in more marketing mythology than any other
bearing in existence. [s57]

The mythology has a name: ABEC. Skate shops sell bearings graded ABEC 1, 3, 5, 7, 9, ascending, with prices to
match, and generations of skaters have believed the number measures how fast the bearing rolls. It does not. The
ABEC scale is a dimensional tolerance standard - it specifies how accurately the ring's surfaces are made, not how
the bearing performs under a skater's load, dirt, and sideways landings. For the speeds and loads of skating, an
ABEC 1 and an ABEC 9 are practically indistinguishable in rolling resistance; what actually decides how a skate



bearing rolls and lasts is its internal clearance, its lubricant, and above all its seals and cleanliness, none of which
the ABEC number touches. The industry knows this; the market long ago discovered that a bigger number sells
anyway. [s57]

The skateboard episode is the bearing world's standing lesson in the difference between specification and
performance - and in how a component behaves when it becomes a consumer product. The same 608 that a motor
designer selects by datasheet is bought by a teenager by colour and number. The fidget-spinner boom later
proved the point at planetary scale: for one summer, the world bought tens of millions of 608s not to make
anything turn, but to feel turning itself. (s251 A component engineered to disappear had become, briefly and
absurdly, the product.

The Harvester's Season

Agriculture is the bearing industry's oldest continuous customer and still one of its sternest. The combine
harvester, the tractor, the plough, and the baler run on bearings that live in a blizzard of dust, chaff, mud, and
fertiliser, that stand idle for months and then work eighteen-hour days through harvest, and that are serviced by
people with grease guns rather than instruments. It is the application that invented the sealed, greased-for-life,
bolt-it-on philosophy, and the one where the philosophy is tested hardest. [ss5]

The agricultural bearing's biography explains most of the industry's product logic. Dust is the enemy: grain dust is
abrasive and harvest dust is relentless, so the seal matters more than the steel. Misalignment is the second enemy:
a combine's frame flexes over a field's ruts, so mounted units with self-aligning seats dominate. Seasonality is the
third: a bearing that sits through a humid winter must not rust its raceway before spring, which pushed the
industry toward better greases and plated surfaces. And the failure cost is concentrated: a bearing that dies in
January is an inconvenience; the same bearing dying in the second week of harvest can cost a season's margin,
which is why farmers buy bearings the way sailors buy rope - on trust, in advance of need. [s55]

It is no accident that the bearing industry's American founding ran through the carriage and wagon trade - Henry
Timken's first customers hauled freight on axles - or that the mounted-unit business remains anchored to the
farm. Agriculture taught the industry that the best bearing is the one the customer never opens, and the lesson
travelled: the sealed for life hub unit on a car, the cartridge in a conveyor roller, and the greased-for-life motor
bearing are all the farm bearing's philosophy applied to new soil. [s55]

Wheels of Steel: The Railway

The railway is the bearing's oldest heavy customer and the origin of its most demanding duty cycle: enormous
loads, decades of service, weather, and a failure cost measured in derailments. Axlebox bearings were among the
first great markets for rolling bearings — the field in which Timken's tapered roller made its American reputation
— and they remain a benchmark for longevity. Schaeffler's history offers a single perfect data point: FAG tapered
roller bearing units have been running in the cars of the Istanbul Metro since 1987, and their mileages long ago
passed 2.7 million kilometres per unit. (s531 A bearing you can forget for thirty years is not a commodity. It is an
accumulated act of metallurgical trust.

The railway also taught the industry its first lesson in standardisation under consequence. An axlebox bearing
failure at speed is not a warranty claim; it is a derailment investigation. That is why railway bearings became
some of the most heavily specified, tested and traced components in mechanical engineering — every unit
serialised, every heat of steel recorded, every overhaul logged. The discipline spread outward from the axlebox to



the whole industry: the modern bearing's culture of traceability was born on the rails. (s53]

The Biggest Rings and the Fastest Balls

At one extreme of the industry stand the giants. The London Eye turns on two double-row FAG spherical roller
bearings with an outer diameter over 2.6 metres and a combined weight above eleven tonnes. [s53) Wind turbine
main bearings and tunnel-boring-machine cutterhead bearings grow larger still — single rings that must be
forged, machined, heat-treated and ground as one flawless object, then transported as exceptional loads. The
giants are mostly roller rather than ball bearings, but they are made by the same houses, on the same science, and
they anchor the industry's prestige end.

At the opposite extreme: speed. Schaeffler counts among its applications a tiny bearing rotating at 100,000
revolutions per minute in dental drills. s531 Machine-tool spindles push angular contact ball bearings toward their
physical limits with hybrid ceramic balls; gyroscope and instrument bearings run in filtered air and vacuum.
Between the 2.6-metre London Eye ring and the dental turbine, the same physics holds: Hertz's ellipse, Stribeck's
film, Lundberg and Palmgren's statistics. The industry's real product is not steel. It is controlled rotation, delivered
at every scale from millimetres to metres.

Between those poles sits the speed frontier, where the ball bearing competes not on size but on revolutions.
Dental and medical handpiece turbines spin at up to a hundred thousand revolutions per minute on bearings a
few millimetres across; machine-tool spindles run for years at speeds where the balls' centrifugal loading, not the
workpiece load, sets the limit. ;s53] At the extreme, the industry's answer is to lighten the ball itself — the silicon
nitride hybrid — or to leave contact behind entirely, as the magnetic-bearing chapter recounts. [s23]

Bearings off Earth

The most unforgiving bearing applications are not on Earth at all. Aerospace bearings run the main shafts of jet
engines — where M50 tool steel holds hardness at temperatures that would soften 52100 — and the mechanisms
of spacecraft, from deployment hinges to reaction wheels. (s34] The standard industry reference text on the subject
is, tellingly, a NASA technical report: the American space programme ran much of the twentieth century's bearing
research because its machines had no roadside to break down on. s341 5391 The current encyclopaedia entry for
bearings lists, among modern applications, aerospace bearings in the Mars Rover — rolling elements working in
the cold dust of another planet. (ss51 NASA's bearing-life literature still builds directly on Lundberg and Palmgren,
whose 1947 statistics remain the foundation of the agency's own prediction methods. [s32]

The space programme also bequeathed the industry its strangest quality requirement: bearings that must work
first time, unlubricated by convention, in vacuum, after months of storage, at temperatures swung by orbital
night and day. Dry-film lubricants, special cage materials and obsessive cleanliness control all flowed from that
requirement back into terrestrial practice. And the research habit outlasted the programme: NASA's technical
memoranda on bearing history and life remain standard citations in the trade literature half a century on — the
space agency as the bearing industry's unpaid library. (s39] (s34]

The Hub Unit's Pre-Set World

The bearing most drivers will ever own is one they will never touch, adjusted by a person they will never meet.



The wheel hub unit - bearings, flange, seals, and sensor pre-assembled into a single cartridge - is bolted on at the
car plant and never serviced for the life of the vehicle. It is the sealed-for-life philosophy carried to its conclusion:
not just the grease but the internal clearance itself is set at the bearing factory, permanently. [s66]

The pre-set clearance is the point. A wheel bearing pair wants a precise small preload or endplay; for a century
that was the mechanic's job, done with a castellated nut and experience, and done wrong often enough that
misadjusted wheel bearings were a standard failure. The hub unit removes the human from the adjustment
entirely: the two bearing rows are manufactured and clamped to their design clearance inside a sealed cartridge,
the wheel-speed sensor for the anti-lock brakes is integrated with its own magnetic encoder ring, and the whole
unit is bolted up with a torque wrench and no judgement at all. NTN and its rivals built substantial businesses on
exactly this integration, as the hub-unit chapter of the Japanese industry shows. [se6]

The consequence is a quiet revolution in reliability statistics. Wheel bearing failure went from a routine repair to
an event rare enough to remark on, not because the bearings changed but because their installation and
adjustment - historically the weakest link, as this book's mounting chapter argues - were moved into the one place
they could be controlled completely. With more than a hundred bearings in a modern car, the hub unit is the
template the industry keeps trying to extend: if the factory can pre-set it, seal it, and sensor it, the field never gets
the chance to get it wrong. [s53] [s66]

The Grease's Half-Life

Sealed-for-life does not mean the grease is immortal; it means the grease's life is designed to exceed the bearing's.
That design calculation - matching the lubricant's aging curve to the bearing's fatigue curve - is one of the least
visible engineering acts in the industry, and getting it wrong is a leading cause of premature failure. ss6]

Grease ages by oxidation and by working: the thickener structure that holds the oil gradually breaks down under
the shear of rolling, the oil bleeds out or oxidises, and the lubricant's ability to maintain the film declines along a
curve that steepens brutally with temperature - the old rule of thumb has the grease's life halving for roughly
every fifteen degrees Celsius of sustained temperature rise. The bearing maker's fill decision therefore encodes a
thermal forecast of the bearing's whole life: the grease type, the fill quantity, the base-oil viscosity, and the
thickener are all chosen against the expected temperature, speed, and duty, and the sealed bearing's rated life is
really the shorter of two lives, steel and grease. [s56]

Where the life must exceed the grease's reach, relubrication returns: larger bearings carry grease fittings and
relubrication intervals, and the interval calculation - from speed, temperature, bearing size, and orientation - is its
own small discipline, with over-greasing as dangerous as neglect. The modern escape from the whole dilemma is
condition-based relubrication: single-point automatic lubricators, and increasingly the bearing's own sensors
reporting when the film is actually degrading. The grease cartridge freed the world from the grease gun for most
bearings; the instrumented bearing is ending, for the rest, the era of greasing by calendar. [ss6] [576]

The Sound of a Healthy Bearing

Before instruments, there was the ear, and the ear is still not retired. A healthy ball bearing at speed makes a
smooth, low hiss; a damaged one announces itself - a rhythmic tick from a spalled race, a rattle from a tired cage,
a howl from a starved film. Bearing makers have industrialised that listening: every precision bearing maker runs
noise testing on production bearings, spinning them under light load and measuring their vibration velocity,
because noise is the most sensitive early indicator of the surface defects that later become fatigue failures. [sss]



The quiet bearing is a manufactured object, not an accident. Low-noise grades start with the cleanest steel and the
finest honing, add waviness control on the raceway - the periodic surface error that sings at speed - and finish
with low-noise grease, screened for the solid particles that would click through the contact. The motor industry's
demand drove the discipline: a fan or appliance bearing that whirs audibly is a warranty claim, so the vast
volume of small motor bearings became the forcing ground for the industry's noise metrology, and the quietness
of a modern appliance is partly a bearing specification bought by the million. [s55]

There is a satisfying continuity from the stethoscope to the sensor here. The mechanic's screwdriver-to-the-ear
trick, the factory's vibration-velocity test, the wind farm's continuous monitoring, and the instrumented bearing's
self-report are one practice at four levels of instrumentation: listening for the frequencies at which bearings
confess. The chapters on condition monitoring describe the mathematics of that confession; the factory noise test
is where the industry first made it routine, on every bearing, every day. [s55] [S76]

The Most Perfect Spheres Ever Made

Many sources claim the most perfect spheres on Earth are the bearings of computer hard drives. They are wrong,
and the true holders of the title make one of the finest stories in precision engineering. The most perfect spheres
ever manufactured are the ping-pong-ball-sized rotors of fused quartz built for the gyroscopes of Gravity Probe B,
the satellite flown to test predictions of Einstein's general relativity — gyroscopes 30 million times more accurate
than any others ever built. [s38]

The line of descent is direct. The bearing industry's century of grinding, lapping and measuring spheres created
the craft base — the machines, the metrology, the instinct for roundness — from which the Gravity Probe rotors
were made. A technology refined to make five-cent motor bearings turned out to be the same technology needed
to build a physics experiment orbiting above the pole. That is how industrial capability actually works:
competence accumulates in one trade and then escapes it. The ball bearing's family album includes a satellite that
weighed spacetime.

The gyroscope spheres repaid the obsession. Gravity Probe B's four quartz balls, spinning in vacuum as the
reference for a test of general relativity, were so round that, scaled to the size of the Earth, their highest mountain
would have stood only a few metres tall. They were, in the programme's own words, among the most perfectly
spherical objects ever manufactured — and they were machined by a bearing-shop discipline applied to fused
quartz, proof that the craft of roundness, once created for the bicycle, had become a general instrument of
precision. [s3g]

The Spinning Toy

The fidget spinner deserves a second look, because it is the only time the ball bearing became the point of a
product rather than its hidden servant. The device is mechanically nothing: three paddles, a central 608-size
bearing, thumb and forefinger. Its entire appeal was the bearing's virtue made perceptible — spin one and you
can feel, in your fingertips, what a century of precision grinding bought. The Economist recorded the scale of the
2017 craze: from an American start in February, the spinner crossed the Atlantic in about three weeks; by May all
twenty of Amazon's best-selling toys were spinners or spinner cubes; NPD counted at least 19 million sold in
twelve rich countries in the first half of the year, with other estimates above 50 million. [s25]

The industrial consequence was a demand shock in miniature bearings — a sudden, frivolous, enormous order
book landing on the same factories that supply fan and motor makers — and a demonstration of how deep the



world's bearing capacity had become. Tens of millions of extra precision bearings were absorbed in months, at
toy prices. No other century of manufacturing could have done that. The craze faded within the year; the capacity
remains, which is why the spinner story belongs in a book about an industry and not just in one about a fad. (525

The episode left one durable lesson about the bearing's peculiar economics. The fidget spinner needed the
cheapest serviceable bearing in existence, and the market supplied it by the tens of millions within weeks — at
least nineteen million spinners shipped in the first half of 2017, by one count, with other estimates above fifty
million. (s251 No other precision component in history has demonstrated that combination: laboratory-grade
geometry, commodity availability, and a supply chain elastic enough to triple a category's volume for a
playground fad and then shrug and go back to motors.

The Dentist's Chair

The fastest bearings most people will ever meet are in the dentist's handpiece. Air-turbine dental drills run at up
to a hundred thousand revolutions per minute on pairs of miniature ball bearings a few millimetres across —
bearings that must survive autoclave sterilisation, corrosive spray and the shock loads of cutting enamel, while
running quietly enough not to terrify the patient. [ss3

The dental bearing is a complete precision industry in miniature: special stainless steels or ceramic balls, phenolic
cages, microscopic grease fills, and assembly in clean conditions, sold into a replacement market created by
sterilisation cycles that destroy ordinary bearings. It is also a reminder that the miniature world's volumes are not
only digital. Every root canal on earth begins with two tiny ball bearings spinning up to speed. [s53]

The One That Got Away: The Hard Drive

For decades the miniature ball bearing's most prestigious job was the spindle of the computer hard disk drive:
spinning platters at thousands of revolutions per minute while read heads floated nanometres above the surface.
It was the application people cited when they wanted to praise bearing precision — and then the ball bearing lost
the job. Modern drives spin on fluid-bearing spindle motors, a plain-bearing cousin in which a pressurised oil film
carries the rotation with even less noise and runout than balls can achieve. [s58]

The episode is worth a chapter because it keeps the industry's story honest. The ball bearing is not immortal in
every niche. Where its remaining sliding contacts produce vibration a nanometre-scale application cannot
tolerate, a fluid film wins; where contact must vanish entirely, magnetic levitation wins. ss4] (ssg] The ball
bearing's empire is vast but not total, and its boundaries are drawn exactly where its one imperfection — the
finite sliding inside the contact ellipse — becomes the application's binding constraint. Schaeffler's claim about
hard-drive spheres being beaten by Gravity Probe B's quartz rotors carries the same lesson in a friendlier
direction: the quest for the perfect sphere continued, it simply left the product category. [s38]

The hard drive's defection is worth dwelling on because it is the rare case where the ball bearing lost a mass
market it had created. Fluid dynamic bearings — a spiral-grooved plain bearing running on a self-pressurised oil
film — took the spindle because they run quieter and with lower non-repeatable runout than any ball
arrangement, and quietness and track-following precision were the two specifications that sold drives. The
bearing industry's own literature treats the HDD spindle as the boundary case: below a certain vibration
threshold, rolling contact itself becomes the noise. It is a reminder that the ball bearing's dominion has edges, and
that its rivals are usually plain bearings in disguise. [s54] [s58]



The Bicycle, Again

It is fitting to end the census where the mass industry began: on the bicycle. The modern bicycle still runs on the
architecture Suriray sold in 1869 — hubs, bottom bracket, headset, pedals — with cartridge bearings descended
from the sealed-for-life revolution, and ceramic hybrid bearings marketed at the sport's expensive edge. [s3] (5231 A
racing bicycle's entire transmission is a rolling-contact machine: chain rollers, jockey wheels, hub freehubs. And
the e-bike now repeats history: a new drivetrain with new speeds, torques and duty cycles, renewing the demand
side of the oldest bearing market of all.

There is a symmetry the industry notices. The bicycle made the ball bearing a product in 1869; the automobile
made it an industry; the electric motor made it a utility; the robot and the e-axle are making it a precision
instrument again. The ratchet described in Part II keeps turning.

The modern bicycle also closes a loop in precision. A contemporary hub or bottom bracket bearing is a sealed,
greased-for-life deep groove unit of a grade Suriray could not have imagined, produced by the million, expected to
survive rain, mud, pressure washers and years of neglect — and it does. The vehicle that created the industry now
receives its most refined mass product at commodity price. The wheel that proved the ball in 1869 now rides on
balls a hundred times rounder, and nobody notices, which was always the point. [s3[523]

The Boost Business

There is a bearing in the family car that runs hotter, faster, and harder than almost any other in civilian life, and
it gets no credit. The turbocharger - the exhaust-driven compressor that lets a small engine breathe like a big one -
spins its shaft at up to 250,000 revolutions per minute, in a housing washed on one side by exhaust gas hot enough
to glow and cooled on the other only by the engine's own oil. [s721 It is one of the most hostile bearing
environments ever mass-produced, and for most of the turbocharger's history the bearing that survived it was not
a ball bearing at all.

The classic turbo bearing is a floating bush: a plain journal bearing with oil fed to both its inner and outer
surfaces, so that it floats on two films of oil at once. The films do double duty - they carry the shaft, and they damp
the ferocious vibration of a shaft spinning a quarter of a million times a minute. It is a cheap, tolerant, self-
sacrificing solution, and it works because the turbo's duty is forgiving of friction but merciless to heat. The
bearing's job is less to roll efficiently than to survive being cooked while spinning at the edge of what materials
allow. [s72]

What changed the turbo bearing was response. Drivers complained about turbo lag - the dead beat while the shaft
spins up - and ball bearings accelerate far faster than floating bushes because their friction is a fraction of the oil
film's. From motorsport downward, ball-bearing turbochargers spread into performance and then ordinary
engines, with ceramic balls and specialised cages solving the heat and speed problems that had kept rolling
bearings out. It is a characteristically quiet industry win: millions of drivers got engines that respond sooner and
burn less fuel, and the enabling component is a cartridge of precision bearings hidden inside the exhaust stream.
The ball bearing did not invent the turbocharger, but it removed one of the reasons people disliked it. [572]

The Centrifuge's Wound

The most consequential bearing failure of the twenty-first century was arranged deliberately, and nobody



involved was ever meant to notice. The uranium enrichment plant at Natanz in Iran ran cascades of IR-1
centrifuges - tall, thin rotors spinning at enormous speed, machines whose whole operation depends on bearings
holding a shaft true at the boundary of material strength. Sometime around 2009, a piece of software later named
Stuxnet began reaching the plant's controllers, and among its refinements was this: it would periodically drive the
centrifuges' motors from their normal operating frequency of 1,064 hertz up to 1,410 hertz for fifteen minutes,
then back to normal, and weeks later drop them to 2 hertz before restoring them. [s73]

Think about what that does to a rotor and its bearings. A centrifuge is tuned like an instrument; its speeds are
chosen to avoid resonances and to keep the bearing loads inside their design envelope. Overspeeding the rotor by
a third multiplies centrifugal stress and bearing loads, creeps the shaft toward critical speeds, and fatigues every
component; running it at crawl speed starves and hammers the bearings in a different way. The operators saw
centrifuges failing in batches, at elevated rates, with no visible cause - because Stuxnet also intercepted the
monitoring signals and replayed normal readings to the control room while the damage was being done. The
machine was being worn to death by its own speed commands, and the instruments insisted everything was fine.
[573]

The episode belongs in a bearing book for two reasons. The first is that it shows, in the starkest form available,
what bearing health means to a strategic machine: destroy the bearings and you destroy the centrifuge, and
destroying a thousand centrifuges this way looked, to the operators, like a quality problem rather than an attack.
The second is the inversion it performs on everything this book has described. The entire art of bearing
engineering is the management of speed, load, lubrication, and temperature inside a safe envelope, verified by
instruments. Stuxnet worked by seizing exactly those levers - and by lying to exactly those instruments. It was, in
effect, a weapon aimed at the rotating machinery through its bearings, and its success is the best modern proof of
how much of the industrial world rests on a few millimetres of hardened steel running true. (s73]

The Yo-yo's Sleep

The oldest toy in the bearing story is also the oldest toy in the world with a documented pedigree. Yo-yos appear
on Ancient Greek vase paintings, and surviving examples in bronze and terracotta sit in museums - a toy old
enough that the Greek word for it is lost. [s74] For most of its twenty-five centuries, the yo-yo was a fixed axle: the
string was tied or looped tight around the spindle, the toy returned when it reached the bottom, and skill meant
managing a fast, hard return. Then someone loosened the loop, and the yo-yo learned to sleep.

A sleeping yo-yo - one that spins at the bottom of the string, the loop slipping around the stationary-in-the-hand
axle - is a bearing problem in miniature. The contact between string and axle is a plain bearing, and its friction
decides everything: low enough friction and the yo-yo sleeps long enough for tricks; a little more friction and it
grabs the string and climbs home. The modern transaxle yo-yo made the physics explicit by putting a plastic
sleeve around the axle so the string rides on a free-turning surface, and the performance end of the market went
all the way: competition yo-yos carry an actual miniature ball bearing at their heart, a shielded steel bearing the
size of a fingernail that lets the toy sleep for minutes and return only on a deliberate tug. [574]

The yo-yo matters to this book because it is the bearing's most democratic physics lesson. Millions of children
have felt, in their own hands, the difference between a fixed axle and a free-spinning one - between friction that
couples and rotation that decouples. The same distinction, carried to hardened steel and micron tolerances, is
what separates a windmill from a wind turbine and a cart from a car. The toy industry understood the lesson
commercially: the fidget-spinner boom showed that even the sensation of low-friction spin has market value, and
the bearing yo-yo showed it decades earlier, at pocket-money prices, on every playground on earth. [s25] [s74]



The Machine Tool's Spindle

Every machined object in the modern world - every engine block, turbine disc, phone casing, and artificial hip -
passes through a spindle, and the spindle is a bearing problem with a cutting tool attached. The machine-tool
spindle must hold a rotating tool so truly that its wobble is smaller than the tolerance on the part, while absorbing
cutting forces that hammer it from every direction, at speeds from a few hundred revolutions for a big boring
head to sixty thousand for a high-speed mill. The bearings inside it are the machine's claim to accuracy. [sse]

The classic spindle bearing is the angular-contact ball bearing, and its design is a direct answer to the spindle's
dilemma. A radial ball bearing hates combined loads; an angular-contact bearing, with its races ground so the
contact line runs at an angle, carries radial and thrust loads together, and gains stiffness when preloaded -
mounted in opposed pairs or sets, squeezed together so there is no looseness anywhere in the system. A precision
spindle is really a stack of these bearings, arranged, ground, shimmed, and preloaded into a single elastic system
whose deflection under the cut has been engineered to microns. The highest grades - the P4 and P2 classes above
the ordinary ABEC ladder - exist mostly for this application, and the makers' spindle-bearing lines are their
precision flagship, the products where the craft described in this book's manufacturing chapters is pushed to its
commercial limit. (sse] [s57]

The spindle's demands explain a great deal of bearing history. The pursuit of speed drove hybrid ceramic
bearings first into machine tools, decades before electric cars wanted them, because a lighter silicon-nitride ball
flings outward less and heats less at speed. (s23] The pursuit of stiffness and accuracy drove the industry's
tolerance grades, its matched-set grinding, and much of its measurement art. And the economics run in the
expected direction: a machine tool costs what it does largely because of its spindle, and the spindle costs what it
does because of its bearings. When a nation builds a machine-tool industry, it discovers quickly that it has also
signed up to build or buy a precision bearing industry. The two capabilities are not separable. [s56]

The Crane's Circle

Somewhere above every port, construction site, and shipyard, a load is swinging slowly around a vertical axis,
and between the part of the machine that turns and the part that stays still there is a single large ring doing all the
work. The slewing bearing - a ring bearing anywhere from half a metre to several metres across, with balls or
rollers running in races machined directly into the ring and gear teeth cut into one face - is the ball bearing's
biggest everyday form, the component that lets a crane rotate its house over its chassis. [s52]

The slewing ring's engineering is a study in load paths. A crane's rotating upperworks wants to tip forward under
the hook load, so the bearing sees a huge overturning moment on top of the dead weight; the ring carries it with
multiple rows of rolling elements arranged to take axial, radial, and moment loads at once, bolted with dozens of
high-tensile bolts whose preload is part of the structure. Everything is large and nothing is crude: the races are
hardened and ground, the rolling elements are graded, the seals keep harbour water and site dust out for years,
and the gear teeth that the pinion drives are cut into the bearing ring itself because at this scale integration beats
assembly. [s52]

The same ring, scaled and refined, is the quiet foundation of the wind industry: the blade-pitch and yaw bearings
of every wind turbine are slewing bearings, and the multi-megawatt main bearings that carry the rotor are their
close relatives - the products behind the specialist mileposts this book records elsewhere, such as thyssenkrupp
rothe erde's thousandth main bearing for multi-megawatt turbines and the seventeen-megawatt floating machine
built on Sinomach rings. (sso1 (s511 From dockside crane to offshore turbine, the pattern is one: whenever a
structure must rotate slowly, heavily, and for decades against wind and weather, the answer is a very large ring



with very precise rolling elements inside it. The biggest ball bearings in the world are doing the oldest job in this
book - taking a load that wants to drag and letting it turn. [ss2]



PART IX

The Industry Today

Market size, the six great houses, the Chinese quarter, the distribution
machine, and the counterfeit underworld.

What kind of industry is the bearing industry today? By revenue it is respectable but not vast - a few tens of billions of
dollars a year, depending on whose market study you read. By consequence it is incalculable: there is no modern
economy without it. This part takes the industry's present measure. It maps the market's structure - the six great houses
and their half of the world, the Chinese quarter that supplies the volume middle, and the long tail of thousands of small
makers filling every niche the giants leave. It follows the distribution machine through which a bearing actually reaches a
broken-down machine in Coimbatore or Moline, and the counterfeit underworld that shadows it. It reads the recent
annual ledgers of the major houses for what they reveal about scale, strategy, and the electric transition. And it examines
the qualification wall - the years of testing, auditing, and trust that separate a qualified bearing supplier from everyone
else - which explains why this industry's map changes so slowly. The picture that emerges is of a mature, disciplined,
quietly global oligopoly sitting on top of a ferociously competitive long tail, with the whole structure resting on a
foundation of verified trust.

CHAPTER 125

How Big Is the Ball

Two lenses measure the industry. The wide lens — all rolling bearings, balls and rollers together — is the one SKF
uses for its own investor page: a global bearing market of about SEK 500 billion. [s19] IndexBox's global tracking of
the ball and roller bearing market projected it to reach about $70.5 billion and 4.5 million tonnes by 2030 — a
forecast, not an actual. [s431 The narrow lens — ball bearings alone — is the one GMI applies: $17.5 billion of global
revenue in 2025, projected (forecast) to grow from $18.4 billion in 2026 to $28.6 billion by 2035, a 5 percent
compound rate. [s16]



A contemporary bearing plant: grinding and superfinishing lines turning rings to micron tolerances.

Inside the ball bearing market, the segmentation of 2025 reads: deep groove, $9.7 bhillion (55.4 percent); angular
contact, $3.3 billion (18.9 percent); self-aligning, $1.4 billion; thrust, $1.2 billion; the remainder in specialist types.
Asia-Pacific is both the largest and the fastest-growing region. [s16] All forward figures in this paragraph are the
analysts' forecasts, stated as such; the actuals are the 2025 estimates and the audited company accounts that
follow.

Both lenses are honest, and the distance between them is itself information. The wide lens counts every roller,
needle and taper alongside the ball; the narrow lens isolates the product this book follows. By the narrow lens the
ball bearing is a mid-sized industrial component market — smaller than semiconductors by two orders of
magnitude, smaller even than tyres — yet one on which every larger market silently depends. That asymmetry,
small market against total dependence, is the recurring signature of foundational components, and it is why the
industry's own analysts describe the bearing market as a critical segment rather than merely a large one. [s19]

CHAPTER 126

The Six Houses

The rolling bearing industry is unusually concentrated for its age: the top six international manufacturers — SKF,
Schaeffler, Timken, NSK, NTN and JTEKT — collectively hold more than half the global market, a structure SKF
describes as stable for a decade, protected by high barriers to entry and strong brand loyalty. [s191 Within ball
bearings specifically, the five leaders — SKF, Schaeffler, NSK, JTEKT and MinebeaMitsumi — held 54 percent of
the market in 2025, with SKF alone above 15 percent. [s16]

The audited scale of the houses, latest reported: SKF, 2024 sales of SEK 98,722 million, 38,743 employees, about
130 countries, some 17,000 distributor locations. s17] Schaeffler, 2024 revenue of €18.2 billion after consolidating
Vitesco, with its Bearings & Industrial Solutions division — the home of FAG and INA — at €6,570 million and
115,055 employees group-wide. [s18] Timken, fourth-quarter 2024 sales of $1.07 billion, full-year sales down 4.1
percent on 2023. [s20] NSK, fiscal 2024 sales and profits both up year on year, led by industrial machinery bearings.
[s21] NTN, JTEKT and MinebeaMitsumi complete the set — MinebeaMitsumi alone claiming over 60 percent of the



world market in miniature bearings to 22 mm outer diameter, on its internal investigation. [s22)

Beneath the majors sits a deep tier of strong specialists: Nachi in Japan; the great Chinese makers C&U, ZWZ
(Wafangdian) and LYC (Luoyang); and hundreds of regional and niche producers serving everything from
agricultural machinery to dental turbines.

The Chinese Quarter

The structural shift of the last thirty years is the rise of Chinese bearing manufacturing to roughly one-fourth of
the global market — most of it smaller players serving domestic demand, on SKF's market map. (s19) China is
simultaneously the world's largest bearing producer by volume, its largest consumer, and — at the high end —
still an importer of the most demanding bearings and of the premium bearing steel and grinding capacity that
make them. The China Bearing Industry Association's price monitoring index showed bearing prices rising in
early 2026 amid specialty-steel cost escalation and constrained high-precision grinding capacity — a sign that the
industry's top slice remains scarce even there. [s16]

The trajectory rhymes with earlier industrial history: volume first, then quality, then the frontier. Chinese makers
already equip record-setting machinery — Sinomach's bearings for the world's largest floating wind turbine are
the current emblem [s51] — and the question for the 2030s is how far up the precision ladder the quarter can
climb.

The quarter is not monolithic, and its stratification matters more than its size. At the volume end, thousands of
Chinese factories produce standard bearings for domestic machinery at prices the Western houses cannot meet;
at the top end, the most demanding bearings — for high-speed rail, precision machine tools, aero-engines —
remain substantially imported, and the domestic industry's own associations track the gap openly through price
and capacity indices. The direction of travel is clear, and so is its speed: closing a tolerance gap is slower than
closing a capacity gap, and grinding know-how compounds at its own pace. [516] [S19]

Fakes

A branded bearing is a promise of metallurgy you cannot see and tolerances you cannot measure without
instruments — which makes it a near-perfect counterfeiting target. The problem is large and organised enough
that the industry runs a standing institution against it: the World Bearing Association's Stop Fake Bearings
initiative, whose members include JTEKT (Koyo), Nachi, NTN, NSK, Schaeffler INA/FAG), SKF and Timken. [524]

The WBA's own description of the trade is worth quoting in spirit: sometimes the fakes are badly refurbished
originals that no longer meet quality standards, sometimes they are simply new low-quality bearings marked
with false brands, with packaging skilfully imitated; they are not necessarily scratched, rusty, dirty or even cheap.
Detection is hard enough that the association built a smartphone app — WBA Check — to let buyers verify suspect
products against the manufacturers' records, and advises the suspicious to photograph, document and contact the
brand owner and authorities before confronting any distributor, to preserve evidence. (s24] A counterfeit bearing
is not a bargain; it is unmarked fatigue risk bolted into a machine, and in hoists, vehicles and rotating machinery
it is a safety hazard in the literal sense. The existence of a global anti-counterfeit apparatus is, in its way, a
compliment: nobody fakes what nobody depends on.

The counterfeit's victims are not the big houses' margins so much as the end user's machine. A fake bearing is
typically a low-grade or reconditioned unit re-stamped and re-boxed as a premium brand; it carries no traceable
steel, no fatigue pedigree and no recourse when it spalls early inside a pump, a fan or a wheel hub. The industry's



countermeasures run from holograms and serial verification apps to customs seizures and criminal referrals,
coordinated across rivals who compete on everything else. The existence of a standing anti-counterfeit institution
is itself market evidence: only a component whose brand embodies invisible metallurgy is worth faking at
industrial scale. [s24]

The Rebuild Trade

Not every bearing that leaves service is scrap. A substantial and little-seen trade exists in remanufacturing: taking
worn large bearings - the railway, steel-mill, and wind-turbine giants that cost thousands or tens of thousands
each - and returning them to specification for a fraction of the new price. The major houses all run
remanufacturing programmes, and the economics explain why: a big bearing's value is mostly in its precision-
finished rings, and if the rings can be reground, the rest - new rolling elements, new cage, new seals - is
comparatively cheap. (5191 [517]

The rebuild trade is a telling marker of the industry's maturity. It exists only where the component is expensive
enough to warrant inspection, standardised enough to assess against a specification, and trusted enough that a
customer will accept a remanufactured unit in a critical machine. Each of those conditions took decades to
establish. The trade also closes the loop on the industry's newest sales pitch: the same makers who sell bearings
on total cost of ownership now sell their return, refurbishment, and reuse as a service - SKF's distribution
network of some 17,000 locations is as much a collection system as a sales channel. (s17] And it has a quiet
environmental logic: remanufacturing a large bearing saves most of the energy and steel of making a new one,
which is why the practice appears increasingly in the industry's emissions reporting alongside its decarbonisation
milestones. [s17]

There is a historical rhyme here. The bearing began as a repairable object - Vaughan's carriage bearings were
made to be serviced by a wheelwright - became a disposable commodity in the small sizes, and is now, at the large
end, becoming repairable again under factory control. The wheel turns, on bearings, back toward maintenance.
[s19]

The Conveyor's Long Line

The single largest employer of mounted ball bearings on earth is the conveyor. Mines, ports, warehouses, airports,
and factories move the world's material on belts and rollers, and every metre of that movement rests on bearings:
head pulleys, tail pulleys, idler rollers, drive units, take-up frames. A single bulk terminal can run tens of
thousands of bearings at once, and a parcel-sorting warehouse - the defining machine of the e-commerce age - is
essentially a kilometre of conveyors with software attached. [s19]

The conveyor is where the industry's economics are most legible. The bearing in an idler roller costs very little;
the cost of its failure is the stopped belt, and a stopped belt in a port or a mine is a money fire. The arithmetic
pushes operators toward exactly the products this book has described: sealed, greased-for-life units with good
dust exclusion, bought on reliability rather than price, and increasingly monitored - a modern bulk terminal
trends the vibration or temperature of its critical pulley bearings from a control room, replacing them on
evidence rather than schedule. [s19] [s76]

The long line also explains the shape of the distribution trade. Conveyor bearings fail one at a time, unpredictably,
at mines and terminals that cannot wait: someone must hold stock near every great flow of bulk material on
earth. That someone is the industrial distributor - the counter-and-warehouse business that is the bearing



industry's true customer-facing institution, holding the giants' catalogues within a day's drive of the world's belts.
When this book describes a distribution machine of tens of thousands of outlets, it is describing, in large part, the
supply line that keeps the long line rolling. [s17] (s19]

The Distribution Machine

A bearing is rarely bought from the company that made it. Between the factory and the machine stands one of the
great invisible networks of industrial commerce: the authorised distributors, bearing specialists and MRO
(maintenance, repair and operations) suppliers who stock the world's rotating equipment against the day
something stops. SKF alone reports around 17,000 distributor locations worldwide. (s171 The network exists
because of a simple asymmetry: a replacement bearing might cost twenty euros, but the stopped machine it
belongs to can cost thousands per hour. Availability, authenticity and advice — not price — are what the
distributor sells.

The aftermarket has become a strategic business in its own right. Schaeffler's Vehicle Lifetime Solutions division
— its vehicle aftermarket arm — grew revenue 16.9 percent at constant currency to €2,579 million in 2024, at a
16.6 percent EBIT margin, comfortably the group's most profitable division that year. [s18] Bearings age out of
machines at a predictable statistical rate; the L10 mathematics of Part IV is, among other things, a demand
forecast for the replacement trade.

The same channel is where the counterfeit war of Chapter 37 is fought. The WBA's guidance is aimed squarely at
buyers and distributors: photograph and document suspected fakes, contact the brand owner and the authorities
first, and never tip off the supplier before evidence is preserved. (s24] Schaeffler's aftermarket arm has built multi-
level security codes and labels into its packaging, and the group has fake bearings confiscated and scrapped by
the ton. [s53] [524]

The Long Tail of Makers

Below the six houses and the Chinese majors stretches a long tail of bearing makers that the market tables never
name: regional factories serving agricultural machinery and local industry; precision specialists making spindle,
instrument and dental bearings; reconditioners who rebuild large bearings to new life; cage, seal and grease
specialists; and the machine-tool firms who build the grinding and superfinishing lines on which everyone else's
product depends. The bearing industry's structure resembles its product: a few large races, many rolling
elements, and the whole thing working only because the small parts are precisely made.

The tail matters to the I0I method for a second reason: it is where new bearing nations start. Japan's industry
began with NSK's first domestic ball bearings in 1916, NTN's 50,000 yen of capital in 1927 and Nachi's Toyama tool
shop in 1928. [s14] Within two generations those workshops were setting the world's precision frontier. The
bearing industry's history says clearly that the ladder from local substitution to global leadership can be climbed
— but it is climbed through steel, grinding and patience, not through price.

The tail also performs the industry's quiet recycling. Specialist reconditioners take large worn bearings — the
metre-class rings of wind turbines, mills and marine shafts — and return them to service by regrinding raceways,
fitting new rolling elements and cages, and re-certifying the unit, at a fraction of the cost, energy and lead time of
new manufacture. It is a circular economy that predates the phrase, sustained by the same fact that built the
industry: a bearing's value is concentrated in geometry that can, within limits, be re-established. [s14]



How the Market Works

The bearing market sells two different products to two different customers, and understanding the split explains
most of the industry's economics. The OEM business — bearings designed into new machines — is a qualification
business: long validation cycles, co-development with the machine maker, platform volumes, price pressure, and
multi-year contracts. The aftermarket — bearings replacing worn ones — is an availability business: catalogue
breadth, brand trust, distributor stock, and margin. [s16][519]

Demand-side revenue is increasingly shaped by applications that want higher speed, tighter tolerance, electrical
insulation, lower friction or longer maintenance intervals rather than by unit volume alone — the analysts' way
of saying the value is migrating from the bearing to the specification. [s16] The majors' strategies follow: SKF
separating its automotive business to focus industrial value; Schaeffler building its Vehicle Lifetime Solutions
aftermarket arm into its most profitable division; the Japanese houses defending precision niches; everyone
investing in EV-qualified and sensor-ready lines. (s171(s18][s161 And underneath all of them, the commodity tier
churns out standard bearings at prices the majors will not meet — which is economically rational until a hidden
failure re-prices the machine. The market's permanent tension is that a bearing's true cost is only visible in its
absence.

Two structural facts govern everything the market does. The first is qualification inertia: a bearing designed into
a machine stays designed in for the machine's life, because requalifying a cheaper alternative costs more than the
saving — so incumbents harvest long annuities from old designs while fighting for each new platform. The second
is the aftermarket's counterweight: machines outlive their makers' attention, and the replacement trade rewards
availability and trust over platform wins. Between the annuity and the aftermarket sits the industry's strange
stability — a market that consolidates slowly, disrupts rarely, and rewards the houses that can hold both ends at
once. [519]

The Counterfeit Fight

Every successful industrial component eventually meets its double. Counterfeit bearings - cheaply made rings and
balls stamped with the markings of SKF, Schaeffler, NSK, NTN, Koyo, Nachi, or Timken, packaged to be
indistinguishable from the real thing - are a persistent global trade, and the industry treats them as seriously as
any technical problem it faces. The World Bearing Association, whose members include all the major houses, runs
a standing anti-counterfeiting campaign with a single blunt message: a fake bearing is not a bargain, it is a
hazard. (s24]

The hazard is not abstract. A bearing is a safety component in everything that spins - wheels, motors, gearboxes,
crushers, pumps - and its quality lives in things a buyer cannot see: the cleanliness of the steel, the accuracy of the
heat treatment, the geometry of the raceway, the grade of the balls. A counterfeit gets the outside right and the
inside wrong. It looks like a premium bearing, is priced like a discounted one, and carries the fatigue life of scrap.
The failure modes catalogued in this book - spalling, brinelling, cage fracture, overheating - arrive early and
unannounced, and when the machine is a wheel hub, a pump in a chemical plant, or a conveyor over a mine
walkway, the consequence lands on people. [s24]

The counterfeit's economics are worth understanding, because they explain why the trade persists. The genuine
article's price is mostly process: decades of steel specification, grinding practice, heat-treatment control, and
inspection, all of which the counterfeiter skips. The fake sells into the gap between what the real process costs and
what an uninformed or squeezed buyer will pay. Its favourite channels are exactly the long tail of small
distributors and online listings described in this book's market chapters, where provenance is hard to verify and



price pressure is constant. The industry's answer has been layered: holograms and app-verifiable codes on
packaging, authorised-distributor networks, customs seizures, and the slow education of buyers that a bearing
whose price seems too good is not a bearing at all but a bet against physics. [s24]

There is a deeper point about the industry hiding inside its counterfeiting problem. You only fake what has
earned trust. The logos on counterfeit boxes are the industry's real balance sheet - a century of accumulated
reliability that buyers pay for precisely because they cannot inspect it. The counterfeiters are parasites on
reputation, and their existence is perverse testimony to how dependable the genuine object has become: nobody
counterfeits a component that fails often enough to be checked. [s24]

The Year of the Ledger

What does the ball bearing industry look like in a single recent year, taken as a set of audited numbers? The fiscal
2024 results of the major houses, read together, give a useful snapshot of the industry's scale, its centre of gravity,
and its weather. [517] [518] [520] [S21]

SKEF, the Swedish founder-house, reported 2024 sales of about 98.7 billion Swedish kronor with 38,743 employees,
business in roughly 130 countries, and a distribution network of some 17,000 locations - the widest commercial
reach in the industry. [s17] Schaeffler, the German house that absorbed the legacy of Fischer's FAG, reported 18.2
billion euros of revenue in what it called a transition year, of which its Bearings and Industrial Solutions division
contributed about 6.6 billion, with 115,055 employees across the group - the headcount of a company built as
much on automotive systems as on bearings alone. ;s1g] Timken, the American tapered-roller specialist, reported
fourth-quarter 2024 sales of 1.07 billion dollars and full-year sales down 4.1 per cent on 2023 - a soft industrial
year showing up plainly in the ledger of a company tied to heavy industry. (s20] NSK, Japan's first bearing maker,
reported its fiscal 2024 results with its accounts split between continuing and discontinued operations, having
sold its stake in the Rane NSK steering joint venture during the year - a reminder that even the oldest bearing
houses are actively re-sorting their portfolios around a changing car industry. (s21]

Three observations fall out of the numbers. First, the industry's giants are not gigantic: the biggest bearing
businesses are mid-sized industrial companies, a few billion dollars or euros or their equivalent in annual
bearing revenue - substantial, but modest next to the machine industries they enable. The bearing is a small tax
on every machine, and the companies collecting it are sized accordingly. Second, the ledger confirms the
automotive anchor: each major house's results are visibly steered by vehicle production, and each is re-
engineering for electric drivetrains at the same time - insulated bearings, higher-speed designs, and portfolio
pruning of the kind NSK's steering disposal represents. (sig] [s21] Third, beneath the giants the industry's structure
stays stable: the top handful of makers hold over half the global market, a share that has resisted decades of
challengers - the qualification wall and the process moat, visible as an accounting fact. [s19]

The Aftermarket's Clock

The bearing industry's demand runs on two clocks, and they tick at different speeds. The first clock is original
equipment: new machines being built, each consuming its complement of bearings at the factory. The second is
the aftermarket: the installed base wearing out, bearing by bearing, machine by machine, everywhere on earth,
continuously. The two clocks behave so differently that the industry's health depends on which one you watch.
[519]

Original equipment is cyclical and glamorous: it rides the car cycle, the capital-goods cycle, the wind-installation



boom and bust. The aftermarket is the opposite - slow, enormous, and almost unnaturally steady, because it is
driven not by investment decisions but by physics: every bearing in service is accumulating fatigue cycles
whether the economy grows or not. The distribution machine described in this part exists chiefly to serve the
second clock, and the great houses prize their aftermarket shares precisely because they smooth the cycles - SKF's
tens of thousands of distributor locations are, in financial terms, an annuity. (5191 (S17]

The aftermarket's clock also sets the industry's true replacement logic. Bearings are replaced on evidence - noise,
vibration, heat, play, or a schedule derived from the life calculations of this book's science chapters - and the sum
of all those individual decisions is a demand stream so stable that analysts treat it as the industry's ballast. When
this book's market chapters describe a global market growing gently year after year, they are describing,
underneath, the ticking of the second clock: the material world steadily rolling itself out, and being steadily re-
borne. [s19] [s16]

The Trillion Spinning Shafts

How many ball bearings are turning at this moment? Nobody can count them, but the arithmetic of the installed
base is worth sketching, carefully and with its uncertainty admitted, because the scale is the point. Electric motors
alone are manufactured in the billions each year, each carrying two bearings; add the world's vehicle fleet of well
over a hillion road vehicles, each carrying dozens to over a hundred bearings; add every fan, pump, appliance,
conveyor, tool, toy, and instrument built and still running from a century of production. [s55] [$53]

The total is not knowable to any precision, and this book will not pretend a figure. But even conservative
arithmetic - billions of motors times two, a billion-plus vehicles times dozens, billions of appliances times several -
lands in the high tens of billions of bearings in service, plausibly more than a hundred billion, turning right now.
It is, by count of units in simultaneous operation, a candidate for the most numerous precision machine
component in existence. No rivet, screw, or transistor package is asked to do as much, as continuously, in as many
places. [s16]

The installed base is the industry's real monument - not the catalogues or the factories but the spinning
population itself, each unit converting a small, steady share of the world's energy from waste heat into useful
motion. The efficiency chapters' arithmetic becomes serious at this scale: a fraction of a per cent saved across a
hundred billion bearings is a power station. And the census of this part becomes the closing argument of the
book: the ball bearing is not a component in the industrial system. At a hundred billion turning units, it is closer
to a property of the industrial system - the way the built world chooses to turn. (s16] (s19]

The Price of Precision

Ask what a ball bearing costs and the honest answer is a ladder. At the bottom, a commodity skate bearing comes
off automated lines by the million for less than a cup of tea. At the top, a main-shaft bearing for a wind turbine or
a gyroscope bearing for a satellite costs as much as a car, and the difference between the rungs is not the steel - it
is the precision. Each step up the ladder buys tighter tolerances, cleaner steel, finer surface finish, and more
inspection, and each of those is paid for in time on machines that are themselves among the most precise ever
built. [s15]

The economics concentrate the industry. A global market on the order of SEK 500 billion divides unevenly: six
large houses hold over half of it, a long tail of regional and specialist makers shares much of the rest, and China's
producers, roughly a quarter of world volume, press upward from the commodity rungs. The structure has been



stable for decades because the ladder is hard to climb - each rung demands capital equipment, process
knowledge, and customer qualification that take years to assemble. [s19]

Qualification is the quiet moat. A maker who wants to sell bearings into an aircraft engine, a medical scanner, or
a wind farm does not win the order on price; it wins by surviving an audit of its steel, its heat treatment, its
traceability, and its field record, and the audit can take years. Once qualified, the relationship is sticky, because
the cost of a bearing failure dwarfs the cost of the bearing - nobody saves money on the part that can ground the
fleet. [s15]

The ladder also explains the map. The high rungs sit where the precision machine tools, the clean steel, and the
patient capital are: Sweden, Germany, Japan, the United States. SKF's 2024 accounts - nearly SEK 99 billion of sales
across some 130 countries - and Schaeffler's EUR 18.2 billion describe companies that are less manufacturers of a
part than custodians of a capability, with the distribution networks and engineering desks to match. (s17]

Forecasts of the market's growth - industry researchers project continued expansion through the 2030s, driven by
electrification, renewable energy, and automation - are forecasts, and should be read as such. What is not a
forecast is the structure: the work moves up the ladder or it does not move at all, and the price of precision is the
toll every climber pays. [s16]



PART X

Bottlenecks

What constrains the industry: steel purity, grinding capacity, tacit skill,
materials volatility and the slow squeeze on the middle.

Every industry has its bottlenecks - the narrow points where capacity, skill, or material concentrates until it governs the
whole flow. The bearing industry's bottlenecks are unusually interesting because they are mostly invisible to its
customers. Steel purity is the first: the cleanest bearing steels come from a handful of mills, and the difference between
good and excellent fatigue life lies in oxide inclusions counted in parts per million. Grinding capacity is the second: the
machines that finish raceways to micron accuracy are themselves precision artefacts, built in limited numbers, and no
bearing maker expands faster than its grinders arrive. Tacit skill is the third - the heat-treatment judge's eye, the lapping
master's hand, knowledge that lives in people and retires with them. And over all of them hangs materials volatility, the
price of chromium and energy, and the slow economic squeeze on the middle of the market, caught between the giants'
quality and the long tail's price. These constraints explain more about the bearing world - its geography, its consolidation,
its prices, its resistance to disruption - than any demand forecast. You cannot understand an industry by what it sells. You
understand it by what it cannot easily make.

CHAPTER 139

The Steel Constraint

The first bottleneck is upstream and molecular. Bearing life is limited by inclusions in the steel, so the world's
supply of true bearing-grade steel — low-oxygen, inclusion-controlled, vacuum-degassed 52100 and its relatives —
is the industry's real raw-material chokepoint. (s341(s35] Only a minority of the world's steelmakers produce it
consistently; the capability concentrates in a handful of melt shops in Sweden, Germany, Japan, China and a few
other countries, and the qualification of a new source takes years of fatigue testing. Chrome steel remains the
dominant ball bearing material, and GMI's analysis names specialty steel, alloying elements, energy and grinding
inputs as the central cost structure — with raw-material volatility acting as a standing restraint on the market,
especially for mid-tier producers who cannot hedge or pass prices through. [s1e]

The constraint has a geography of its own. Inclusion-controlled bearing steel concentrates where vacuum
degassing, clean casting and decades of fatigue data overlap, and the qualification treadmill keeps it there: a mill's
steel earns approval only after years of testing in bearings, and a bearing maker's approval is only as good as the
lots it has already survived. Supply shocks in alloy inputs — chromium, molybdenum, energy for the electric-arc
route — pass straight through to bearing prices, as the analysts' cost structure makes explicit: specialty steel,
alloying elements, energy and grinding inputs are the market's central cost block and its standing restraint. [s16]

CHAPTER 140

The Capacity and Skill Constraint

The second bottleneck is the grinding room. High-precision grinding and superfinishing capacity — machines,
wheels, metrology and the people who run them — does not scale quickly, and it cannot be bought off a catalogue.



The Chinese industry's own price index flagged constrained high-precision grinding capacity as a driver of rising
bearing prices in early 2026. [s16] Behind the machines sits the tacit layer: dressing a grinding wheel, reading a
spark pattern, setting a lapping plate — skills transmitted inside firms and towns over generations, which is why
Schweinfurt, Gothenburg, Osaka and the Japanese miniature belt still matter, and why the market analysts warn
that hybrid and ceramic products "cannot be addressed merely by substituting ceramic elements into a
conventional steel design." [s16] Qualification is its own barrier: aerospace, automotive and semiconductor-
equipment customers demand validation under defined speed, temperature, load and contamination regimes,
and the cost of that validation keeps small suppliers out of the top of the market. [s16]

The skill half of the constraint is the harder to buy. Dressing a grinding wheel, reading a spark pattern, judging a
superfinishing stone's condition by sound and swarf — these are transmitted person to person inside firms and
towns, which is why the same few clusters keep appearing in this book: Schweinfurt, Gothenburg, Canton, Osaka,
the Japanese miniature belt. The market analysis warns explicitly that the hybrid and ceramic frontier cannot be
entered by substitution alone, because the tacit layer does not transfer with the purchase order. [s161 Capacity can
be financed; a setter's hands cannot.

The Squeeze on the Middle

The third bottleneck is economic, and it shapes the industry's future structure. Standard steel bearings are
commoditising: switching costs are low, price pressure is constant, and the Chinese quarter keeps expanding.
Premium products — hybrid, insulated, sensor-ready, miniature, aerospace — carry margin but demand
sustained investment in materials, testing and co-development with customers. [s16] The analyst conclusion is a
bifurcated market: suppliers who can translate application requirements into qualified designs pull away;
suppliers of broad catalogues compete on price. [s16] Counterfeiting feeds on exactly this seam, selling the
appearance of the premium tier at commodity cost. (s24] The middle of the industry — competent, branded,
undifferentiated — is where the squeeze lands.

The squeeze has a visible symptom in every market table: the same six names at the top for a decade, a churning
mass of small makers below, and very little movement in between. A mid-tier maker is too big to be a niche
specialist and too small to fund the materials, testing and co-development the premium tier demands; it competes,
therefore, on price against factories with lower costs and on brand against houses with deeper ones. The likely
shape of the industry in ten years, on the analysts' own logic, is a barbell — premium qualified suppliers at one
end, commodity volume at the other, and a thinning waist where the undifferentiated middle used to be. (s16]

The Geography of Precision

Bearing capability maps oddly onto the world. The historic cores — Schweinfurt, Gothenburg, Canton, Osaka and
Japan's miniature belt around Karuizawa — still hold a disproportionate share of the high end, because what they
hold is not plant but accumulated tacit knowledge: melt practice, grinding recipes, metrology culture. China has
built the volume quarter of the market and is climbing. s19] The rest of the world mostly assembles, imports or
specialises.

This geography is a strategic fact, as Schweinfurt's bombers understood in 1943 and as the early-2026 price index
made plain again: when specialty-steel costs escalate and high-precision grinding capacity is constrained, bearing
prices rise across the whole machinery economy. [s16] A country that cannot make a precision bearing cannot fully
make a precision machine; the bearing is upstream of everything else that spins. That is the material reason the
I0I map gives this small object its own book: control of the ball is control of rotation itself.



The map is best read as layers. Volume is diffuse: every industrialising region makes standard bearings for its
own machines. Quality concentrates: bearing steel, precision grinding and top-tier assembly cluster in the
established houses' towns. And at the very top, single points appear — one factory that can make a particular
aero-engine bearing, one that can certify a particular miniature grade. The farther up the tolerance ladder a
product sits, the fewer places on earth can make it, and the more the phrase global industry describes trade
flowing outward from a handful of postcodes. [s161(519]

The Qualification Wall

The deepest bottleneck in the industry is not a material or a machine but a process: qualification. Before a bearing
goes into an aircraft engine, a car platform or a semiconductor tool, it must be validated under the customer's
defined regimes of speed, temperature, load and contamination — testing that takes years and costs more than
most small makers can raise. The market analysis names this validation burden as the wall that keeps small
suppliers out of the top of the market, and it is deliberately high: the customer is buying certainty, and certainty is
expensive to demonstrate. [s16]

Qualification also explains the industry's odd time geometry. Designs qualify slowly and then persist for decades;
a bearing approved for a machine in 1990 may still be the specified replacement in 2040. The wall frustrates
entrants, but it is also the incumbents' true moat — wider than patents, deeper than brands, and built entirely out
of accumulated evidence. [s16]

Friction, Energy and the Climate Ledger

The bearing industry's environmental story is double-entry bookkeeping. On the debit side: steel, heat treatment
and grinding are energy-hungry; the majors now report hard decarbonisation numbers — SKF cut scope 1 and 2
emissions 59 percent from 2019 to 2024 and reached 72 percent renewable electricity. (s171 On the credit side, and
much larger: the bearing exists to save energy. Every reduction in friction, multiplied by the installed base of the
world's motors, is generation capacity that never has to be built. European Ecodesign regulation now explicitly
values low-friction bearing configurations in motor systems. [s16]

The frontier of the credit side is circularity: longer-lived bearings through cleaner steel and hybrid ceramics;
remanufacture of large bearings instead of scrapping; and lubricant regeneration — the logic behind SKF's
acquisition of RecondOil in 2019. (s71(s23] The cheapest bearing to decarbonise is the one that never has to be made
twice.

The ledger runs both ways, and the industry now says so explicitly. On the debit side, bearing steel is energy-
intensive and the grinding chain more so; on the credit side, every bearing exists to save energy, and the
industry's own sustainability reports have begun quantifying both columns — SKF reports a fifty-nine percent cut
in its scope 1 and 2 emissions between 2019 and 2024, with seventy-two percent renewable electricity, while
selling friction reduction as an energy technology in its own right. (s171 The component that was invented to waste
less of the world's work is being asked to account for the work it costs.

The Grinder's Apprenticeship

The bearing industry's hardest bottleneck to photograph is the one it talks about least: the people. Grinding a



raceway to a micron, judging a heat treatment by the fracture's grain, hearing a lapping plate's load change -
these are skills carried in hands and ears, built over years, and retired out of the workforce one pension at a time.
The market studies that map the industry's growth also note its grinding-capacity constraints, and behind every
grinding machine stands a smaller number of people who can set it, dress its wheel, and hear when it is lying. [s16]

The tacit-skill bottleneck explains several otherwise puzzling facts about the industry. It explains why bearing
quality clusters geographically: the skills cluster, and they move slowly. It explains why new entrants find the
industry's middle market harder than its technology suggests - the machines can be bought, but the judgement
cannot. It explains the long qualification wall from the supplier's side: a bearing house's real asset, the thing its
customers are actually certifying over years of audits, is a workforce's accumulated practice. And it explains the
industry's intense investment in measurement and automation, which is, in part, an effort to move skill out of
hands and into instruments before the hands retire. [s16]

The apprenticeship problem has a bearing-specific sharpness. Many crafts tolerate a range of acceptable
outcomes; bearing finishing does not, because the product's promise is statistical - the L10 life is a claim about a
population, and a population's statistics are only as good as its worst process drift. A grinder who lets a wheel
glaze for an afternoon does not make bad bearings visibly; he makes bearings whose failure distribution has
quietly widened, and nobody knows until the field reports come in two years later. The industry's quality systems,
from SPC charts to 100-per-cent automated inspection, are the institutional answer to that terrifying lag. [s1e] [s33]

The Clean Steel Queue

Every bearing maker on earth is in the same queue, and it starts at a small number of steel mills. The industry's
default material - the high-carbon chromium steel known as 52100 in America and by national equivalents
elsewhere - is not exotic, but bearing-grade steel is: the same chemistry, melted and treated to control the non-
metallic inclusions that seed fatigue, in oxygen contents measured in single-digit parts per million. The technical
literature is unambiguous that inclusion control is the decisive variable in bearing fatigue life, which is why the
cleanest bearing steels come from a handful of mills with decades of process discipline, and why the bearing
houses audit their steel suppliers as hard as their own customers audit them. [534] [s35]

The queue's narrowness became a strategic fact during the supply shocks of the early 2020s, when energy prices
and capacity cuts squeezed specialty steel across Europe and Asia and bearing makers found themselves
competing for clean tonnage. It also shapes geography: nations that can melt clean bearing steel can build bearing
industries; nations that cannot must import the bars and tubes, and with them a ceiling on their industry's
ambition. India's own bearing growth has tracked its steel capability for exactly this reason - the material frontier
and the industrial frontier are the same line. (s34] (s16]

The frontier is still moving. The 2022 report of low-oxygen rare-earth-treated steels pushing inclusion control to
new levels, and the steady migration of aerospace practice - vacuum induction and vacuum arc remelting -
toward the premium industrial grades, both point the same way: the bearing's next life extensions will come from
the melt shop as much as from the grinding room. A component whose failure statistics are set by particles a few
microns across will always be, at bottom, a metallurgy business. [s35]

The Middle Squeeze

The bearing market's most uncomfortable territory is its middle. At the top, the great houses sell qualification:
certified life, application engineering, and service contracts, at prices their moats defend. At the bottom, the long



tail sells price: adequate bearings for forgiving duties, at margins measured in cents. Between them stands the
mid-market maker - too good to be cheapest, too unproven to be specified - and the economics of the industry are
slowly, structurally, squeezing it. [s16]

The squeeze works from both directions at once. From above, the giants push down with second brands and value
lines, leveraging their process discipline into the price bands the middle used to own. From below, the volume
producers - above all the Chinese industry's quality ascent - push up, closing the reliability gap year by year until
the middle's remaining argument is habit. Market analyses of the industry's cost structure note the pattern
plainly: raw materials and energy pressure margins universally, but the middle has the least power to pass the
pressure on, because its customers are the most price-sensitive and its differentiation the weakest. (s16] (519]

The historical echo is the industry's own founding. SKF, FAG, Timken, and the Japanese houses were all, once,
challengers attacking an established order from below with a measurable technical edge. The middle squeeze is
what it looks like when that process runs out of easy edges: the challengers of today face an incumbent structure
that is itself the product of a century of exactly their strategy. The likeliest escapes are the ones history suggests - a
new application frontier, a new material, a new service model - and the futures chapters of this book describe the
candidates. [s16]



PART XI

Futures

Electric erosion and the EV, ceramic balls, bearings that report on
themselves, magnetic levitation, and the long life of a 2,000-year-old
idea.

The ball bearing is two thousand years old as an idea and a hundred and forty years old as an industry, and it is currently
undergoing its most interesting decade since Schweinfurt taught it to mass-produce precision. Three forces are at work.
The first is electrification: the electric vehicle's drivetrain spins faster, runs quieter, and leaks current through its
bearings, forcing a wave of innovation in insulated, conductive, and hybrid designs - and simultaneously shrinking the
number of bearings each vehicle needs. The second is sensing: the bearing is becoming a measuring instrument, with
load, vibration, and temperature sensors built into the ring, turning the cheapest component in the machine into its most
informative. The third is the slow advance of the alternatives - ceramic rolling elements, magnetic levitation, fluid films -
which keep taking the extreme jobs while leaving the rolling bearing's enormous middle untouched. The chapters in this
part follow each force to its likely destination. The forecast that survives them all is prosaic and remarkable at once: the
future will rotate, and most of it will rotate on balls.

CHAPTER 148

The Electric Problem

The industry's newest physics problem arrived with the electric motor's newest form. Inverter-driven motors —
the kind in every electric vehicle — induce shaft voltages, and the discharge path of least resistance runs straight
through the bearings. Parasitic currents arc across the oil film, locally melting surfaces, degrading the lubricant
and etching the raceways into frosting, pitting and the washboard pattern called fluting — noise, vibration and
premature failure in the most valuable new application the industry has. (s261 With electric cars past 17 million
sales in 2024, this is not a corner case. [s16]



The electric-vehicle drive unit: high-speed bearings and the insulating answer to inverter currents.

The research response is already a literature: an IEEE review in 2023 surveyed bearing electrical-erosion damage
across electrical drive systems, and SKF's 2024 single-contact study built a discharge-energy model showing the
erosion depends on film thickness, lubricant dielectric strength and breakdown voltage together — even
suggesting that thinner minimum films can reduce individual discharge energy. s481[s26] The engineering answers
come in three families: insulate (ceramic-coated rings, hybrid ceramic balls, resin-moulded insulated bearings —
NTN moved its resin-mould insulated e-axle bearing to mass production in 2025), conduct (grounding rings and
conductive lubricants), or harden (surface and material upgrades). [s27][s28] Every major house now markets an
EV bearing line; the e-axle is where the industry's next decade of ball bearing value will be won. [s16]

Ceramic Balls

The hybrid ceramic bearing — steel rings, silicon nitride balls — is the industry's most elegant materials upgrade,
and SKF's own claims for it enumerate the future: shielding against electrical erosion from variable-frequency
drives; maximum operating speeds up to 25 percent above all-steel equivalents; friction reduced by up to half
through optimised machine design; tolerance of poor lubrication and even of refrigerants and cryogenic gases as
working fluids; grease life extended up to eight times. [s23] Silicon nitride is lighter than steel (less centrifugal
loading at speed), harder, electrically insulating and chemically indifferent — the bearing ball re-imagined in
engineered ceramic.

The research frontier is the ceramic ball itself: peer-reviewed work on silicon-nitride balls for EV reducers
identifies defect control during grinding and lapping as the critical determinant of fatigue reliability — the same
lesson Fischer's mill taught in 1883, retaught in a harder material. [s16] [s49) Full-ceramic bearings, rings included,
serve the extremes: cryogenics, vacuum, semiconductors, chemistry. Cost keeps ceramics premium; electrification
keeps pulling the premium down-market.

The hybrid's history is a case study in slow qualification. Silicon nitride balls were proposed for bearings decades
before they were trusted in production machines; each application tier — machine tools, then turbomachinery,



then wind, now electric vehicles — demanded its own fatigue data and its own years of accumulated service
before the purchase orders followed. The pattern rhymes with bearing steel's own history: in an industry whose
product is a promise about the future, new materials are adopted at the speed of evidence. [523]

Bearings That Talk

The third future is informational. A bearing sits at the exact point in a machine where failure announces itself
first — in vibration, temperature and noise — so the industry is turning the bearing into a sensor platform:
instrumented units that stream condition data, feeding maintenance software that schedules replacement before
the failure instead of after it. The market analysis is explicit that sensor integration can change the commercial
model in continuous-process and high-utilisation plant, where an unplanned stop costs more than the monitoring
premium — and equally explicit that a sensor-bearing only sells where it fits the customer's data architecture and
maintenance process. [s16] SKF names high-performance and sensor-enabled bearings as a key innovation
direction for the market's long-term growth. (s191 The component that was designed to be ignored is learning to
report on itself.

At the radical edge are the bearings with no contact at all: active magnetic bearings, which levitate the shaft in a
controlled electromagnetic field — no wear, no lubricant, extreme speeds — already established in
turbomachinery, compressors and flywheels. They are not ball bearings and will not replace them at the mass
end; but they mark the direction of travel whenever the cost of friction exceeds the cost of electronics.

The sensing idea is older than the hype. Maintenance crews have listened to bearings for a century — the
mechanic's screwdriver to the ear is vibration analysis in its first form — and dedicated condition-monitoring
instruments have tracked bearing frequencies for decades. What changes now is economics and placement:
cheap sensors, cheap bandwidth and software that learns a machine's normal signature let the monitoring move
from monthly rounds to continuous streams, and from the maintenance shed into the component itself. The open
question the analysts pose is commercial, not technical: a sensor-bearing sells only where it fits the customer's
data architecture, which means the bearing industry is learning to sell to IT departments. [s16]

The Long Game

Pull the threads together and the ball bearing's future looks less like disruption than deepening. Demand follows
electrification, automation and renewable energy — the market's own forecasts (GMI: $17.5 billion in 2025 toward
$28.6 billion by 2035, a forecast CAGR of 5 percent) rest on that composition shift rather than on any single end-
market cycle. (s16] Materials move from cleaner steel toward engineered ceramic. Lubrication moves toward
sealed-for-life and oil-circulation reuse — SKF's 2019 acquisition of RecondOil points at lubricant circularity as an
industrial business. (s71 Sustainability enters the product itself: SKF reports a 59 percent cut in scope 1 and 2
emissions from 2019 to 2024 and 72 percent renewable electricity, and now sells friction reduction explicitly as an
energy-saving technology. (s17]

And underneath all of it, the object itself has not fundamentally changed since Vaughan's patent: balls, grooves, a
cage, a film of lubricant. Two thousand three hundred years after the pyramids' rollers, two thousand after
Nemi's bronze balls, two hundred and thirty after a Welsh ironmaster's carriage hub, the answer to friction is still
the perfect sphere. The work of the future is the same work it has always been — rounder, harder, cleaner,
cheaper — extended now to smarter, quieter and electrically immune. The industry of rolling is not finished. It is,
as it has always been, just getting up to speed.



Read the forecasts with the industry's own caution. The ball bearing market's projected growth — from roughly
$17.5 billion in 2025 toward $28.6 billion by 2035 on GMI's numbers, a forecast, not a fact — rests on composition:
electrification, automation and renewables adding premium demand faster than commodity volume
commoditises. [s16] Every previous era's forecast of the bearing's obsolescence — by the plain bearing, the fluid
film, the magnetic field — has so far retired before the bearing did. The long game favours the component with
two hundred years of accumulated metallurgy and a replacement market measured in decades.

The Gantry's Revolution

The medical machine that looks inside a living body without cutting it open is, mechanically, a bearing problem
solved at heroic scale. A CT scanner works by rotating an X-ray tube and a ring of detectors around the patient,
inside the gantry, measuring attenuation from hundreds of angles and computing the cross-section. The faster
and more steadily that ring turns, the sharper and quicker the image - and a modern scanner's gantry rotates the
tube-detector assembly, hundreds of kilograms of it, around the patient several times a second. [s75]

The engineering chain here runs straight through this book. To spin several hundred kilograms at up to three
revolutions a second, smoothly, for years, you need large, extraordinarily true slewing bearings - the same family
that carries wind turbines and cranes, miniaturised in concept and precision-maximised. To get power and
signals across the rotating boundary, you need slip rings, the rotating electrical cousin of the bearing. And to let
the whole assembly accelerate and brake every few seconds without shaking itself apart, every rotating
component must be balanced like a turbine rotor. The scanner's image quality is set by mathematics; the
scanner's existence is set by bearings. Godfrey Hounsfield and Allan Cormack took the 1979 Nobel Prize for the
mathematics of computed tomography; the gantries that made it routine hospital equipment are monuments to
rotary engineering. [s75]

CT is worth pausing on because it inverts the usual bearing story. Bearings usually serve motion that is the point
of the machine - wheels, shafts, spindles. In the scanner, the motion is purely instrumental: nothing needs to go
anywhere, the machine only needs to look from every angle, and rotation is the cheapest way to do it. That is why
the gantry keeps getting faster: each increment of rotational speed and stability buys resolution against a beating
heart. The newest machines freeze cardiac motion by spinning faster than the heart can blur the picture - which
means the cardiologist's image of a living heart is, at one remove, a product of the state of the art in large
precision bearings. [s75]

The Robot's Wrist

Every industrial robot arm ends the same way: in a wrist that must position a tool to fractions of a millimetre,
thousands of times a day, for years, inside a joint no bigger than a fist. That joint is where the bearing industry
meets the automation age, and it is dominated by a device most people have never heard of - the strain wave gear,
better known by its trade name, the harmonic drive. [s69]

The strain wave gear is one of the genuinely original mechanisms of the twentieth century. C. W. Musser patented
the concept in 1957 while advising the United Shoe Machinery Corporation, and it works by a piece of mechanical
poetry: a thin, flexible, toothed steel cup - the flexspline - is deformed into an ellipse by an elliptical plug, so that
its teeth mesh with a rigid outer ring at two opposite points only. The ring has slightly more teeth than the
flexspline, so each turn of the elliptical input walks the mesh around and rotates the flexspline backward by the
tooth difference. Reduction ratios of a hundred to one in a single, flat, nearly backlash-free stage - the exact recipe
a robot wrist needs. [s69]



What bears the load in this mechanism is, of course, bearings - and not ordinary ones. The elliptical plug presses
into the flexspline through a thin-section bearing that must flex elastically with it, thousands of flexures per hour,
for the life of the robot: a bearing asked to be both rigid and springy, precise and compliant. Thin-section bearings
and crossed-roller bearings - cylindrical rollers alternating at right angles between V-races, carrying loads from
every direction in the space of one race - fill the robot's shoulder, elbow, and wrist. The robot revolution that
reshaped car plants and is reshaping warehouses is, joint by joint, a deployed fleet of these specialised bearings.
When a robot maker advertises repeatability of a hundredth of a millimetre, it is advertising the quality of its
bearing steel. [s69]

Listening to the Races

The bearing is the first component in most machines to complain, and for most of industrial history nobody
listened until the complaint became a breakdown. The change - one of the quiet revolutions of late-twentieth-
century maintenance - was condition monitoring: the systematic measurement of a machine's vibration,
temperature, noise, and lubricant to hear failures forming months before they arrive. The bearing is its perfect
subject, because a bearing announces its own death in a highly specific accent. (s76]

The specificity is the elegant part. Every defect in a bearing generates vibration at a calculable frequency: a spall
on the outer race is struck once per rolling element per revolution, at the ball-pass frequency of the outer race; an
inner-race defect rings at its own, higher rate; a cage defect at a lower one. These frequencies follow from the
bearing's geometry - bore, ball diameter, contact angle, and speed - so a vibration spectrum of a running machine
is effectively a diagnostic X-ray of every bearing in it. A trained analyst, and now routinely a piece of software,
can say not merely that a machine is unwell but that the outer race of the non-drive-end bearing has begun to
spall, weeks or months before the damage is otherwise visible. [s76]

What this did to industry is hard to overstate. Maintenance stopped being a calendar (replace on schedule, waste
good bearings) or a lottery (run to failure, eat the downtime) and became a prognosis. Wind farms monitor their
main bearings from shore; paper machines and rolling mills trend their bearing temperatures continuously; the
cheapest route to the data now is a coin-sized sensor glued to the housing, reporting to a phone. The consequence
loops back into the bearing business itself: a maker that can promise not just a bearing but its monitored
remaining life is selling uptime rather than steel, and the industry's largest firms have all bought or built
condition-monitoring arms. The object that spent two centuries being invisible now reports on itself,
continuously, in the vocabulary of its own failure frequencies. [s76]

The Space Agency's Bearing Laboratory

Every serious claim in this book about how long a bearing should last descends from a line of theory that runs
through an unlikely institution: NASA. The space agency's bearing problem was existential from the beginning - a
satellite cannot be serviced, a rocket turbopump cannot stall, a gyroscope cannot drift - and because its machines
had to work in vacuum, at cryogenic temperatures, and at speeds no terrestrial handbook covered, NASA built
what became the world's most important open laboratory for rolling-bearing science. Its technical memoranda
remain the standard references a bearing engineer reaches for first. (s39]

The agency's contribution began with history. In 1981, Duncan Dowson and Bernard Hamrock produced for NASA
the scholarly history of the ball bearing that underpins this book's early chapters - the document that traces the
thread from Diades and the Nemi ships through Leonardo to the modern industry. (s391 But the deeper
contribution was to life prediction. NASA's machines could not afford the standard industrial convention - the L10



life, the point by which one bearing in ten is expected to have failed - because one failure in ten is not an
acceptable risk for a gyroscope that cannot be replaced. Erwin Zaretsky and his colleagues at the Lewis Research
Center spent decades revisiting the Lundberg-Palmgren theory with fresh experiments, confirming its skeleton
while re-deriving its constants for aerospace life requirements; Zaretsky's 1997 review, pointedly titled "A
Palmgren Revisited,"” remains the bridge between the industry's life equation and the space program's far stricter
demands. [532]

The laboratory work ranged across the whole stack of bearing problems. Solid lubricants - the molybdenum
disulfide films described elsewhere in this book - were systematised for space use largely through NASA-
sponsored research, since vacuum rules out ordinary grease. Bearings for rocket turbopumps, running in liquid
oxygen and liquid hydrogen where the propellant itself is the only available lubricant, forced a generation of
materials and cage innovations. Cryogenic bearing rigs, high-speed dental-drill spinoffs, gyroscope pivot studies:
the agency's bearing program touched everything from the dentist's chair to the Space Shuttle's main engines. The
pattern is the one this book keeps finding - a demanding enough application eventually funds the science that
everyone else inherits. [s32]

There is a useful lesson here about where bearing knowledge lives. It does not live only in the catalogues of SKF,
Schaeffler, or Timken, though those companies' research is real and foundational. A large share of the world's
open bearing science - the kind a student in Indore or a startup in Shenzhen can read without asking anyone's
permission - exists because governments with rockets and satellites needed answers and published them. The
bearing is a strategic component disguised as a commodity, and the space agencies were among the few
institutions rich and worried enough to fund its science in the open. Every L10 calculation run anywhere in the
world stands partly on their rig work. [s32] [s39]

The Lubricant Is the Bearing

Ask a bearing engineer what kills bearings and the answer comes back consistent across decades and continents:
lubrication. Not fatigue, the failure the catalogues calculate, and not overload, but the film - too little of it, the
wrong kind, contaminated, aged, or absent. The rolling bearing is sold as a piece of steel geometry, but it runs as a
lubrication system, and the steel lasts only as long as the film between ball and race survives. [ss6]

The film's job description is extreme. In the contact patch, pressure exceeds the strength of the steel itself; the oil
or grease must keep the surfaces separated through that pressure, at that temperature, at that speed, for
thousands of hours. It must also carry heat away, exclude water and dust, protect against corrosion during
standstill, and damp the shock of every passing ball. Grease - oil held in a soap-like thickener - answers by staying
put: packed into a bearing at the factory, it lubricates for years with no supply system, which is why most small
and medium bearings in the world are grease-lubricated and sealed for life. Oil answers where grease cannot:
high speeds, high temperatures, and big machines, where oil can be circulated, filtered, cooled, and monitored.
The choice between them is one of the first and most consequential decisions in applying any bearing. (ss6]

The industry's growing sophistication about the film runs through this book's later chapters: the
elastohydrodynamic theory that finally computed the film's real thickness, the electrical-erosion problem that
arrives when an inverter-driven motor's shaft voltage punctures the film like a dielectric, and the sensor-bearing
that reports the film's condition in service. Each is the same recognition at a new level of refinement - that the
bearing and its lubricant are one machine, and that specifying the steel without the film is specifying half a
bearing. [s26] [s56]



The Film of Oil

The deepest theoretical surprise in the bearing story is that the lubricant film inside a rolling contact should not,
by classical reckoning, exist at all. The pressure in a Hertzian contact is so high that the oil ought to be squeezed
out or frozen solid; the contact time is so short that no film should form. Yet rolling bearings demonstrably run
for years with their surfaces separated. Explaining that took until the middle of the twentieth century and
produced the most intellectually beautiful theory in the field: elastohydrodynamic lubrication - EHL. [s14]

EHL couples two effects that earlier theories treated separately. First, the contacting bodies are elastic: the ball
and race flatten under load, spreading the contact over a patch, exactly as Hertz calculated. Second, the
lubricant's viscosity is pressure-sensitive: oil entering the contact does not thin out under pressure - it thickens,
dramatically, becoming for milliseconds something closer to a soft glass than a fluid. The elastic flattening and the
pressure-thickened oil cooperate: the patch spreads the load, the stiffened oil spans the patch, and a continuous
film - typically a fraction of a micron thick - passes through the contact carrying the entire load. The theory, built
through the 1950s and 1960s and marked in the industry's own chronology as the EHL milestone of 1960, finally
let engineers compute film thickness and, from it, predict when surface distress would begin. [s14]

The practical yield of EHL is a single number that runs modern bearing application: the film parameter, the ratio
of the computed film thickness to the combined roughness of the two surfaces. Above a ratio of about three, the
surfaces are fully separated and life is limited only by subsurface fatigue - the clean-steel contest described in the
materials chapters. Below it, asperities touch, and wear, smearing, and surface-originated spalling enter. Every
recommendation about viscosity, speed, and cleanliness in a bearing catalogue is, underneath, a recommendation
about keeping that ratio high enough. It is a remarkable trajectory: from Hertz's Christmas calculation to a
computable film a hundred atoms thick, to a design rule used daily by engineers who may never have heard
either name. [s14] [533]

The Ceramic Question

The most important material change in the bearing's long steel history is the quiet arrival of a second rolling-
element material: silicon nitride, a technical ceramic that is lighter than steel, harder than steel, stiffer than steel,
and immune to the electrical and chemical attacks that steel cannot dodge. The hybrid bearing - ceramic balls in
steel races - has moved over three decades from exotic to standard wherever speed, heat, or current punishes the
conventional design. [s23]

The physics argues for the ceramic at several points at once. Silicon nitride's density is about forty per cent of
bearing steel's, so at high speed the centrifugal fling of the ball against the outer race - the load that sets the speed
limit - drops proportionally, which is why hybrid bearings run faster and cooler. Its hardness and polish reduce
friction and wear; its thermal expansion is low, so preload survives temperature swings; it does not weld or
smear when lubrication starves; and it is an electrical insulator, which makes the hybrid bearing one of the two
standard answers - alongside the conductive path - to the shaft currents of inverter-driven motors and electric
vehicles. The performance claims made for hybrids by the industry's largest maker read like a wish list: higher
speed capability, lower friction, longer grease life, and tolerance of poor lubrication. (s23]

The reason the ceramic did not simply take over is the reason ceramics are always difficult: flaw sensitivity. A
silicon nitride ball fails not by gradual fatigue but from the largest defect in its most stressed volume, so the entire
manufacturing art is defect control - powder purity, sintering, and above all the grinding and lopping of the ball
without introducing the surface and subsurface cracks that seed failure. The doctoral literature on silicon nitride
rolling contacts is blunt that defect control during finishing is the decisive variable in the material's reliability.
1s491 That is why ceramic balls cost what they do, why only a handful of producers make the best ones, and why



the hybrid bearing is chosen where its physics earns its price: machine-tool spindles first, then turbochargers,
then the electric drivetrain. The material question in bearings is no longer whether ceramics belong; it is where
their advantage is worth the process discipline they demand. (523

Bearings Without Contact

The most radical answer to friction is to abolish contact. Magnetic bearings levitate the shaft in a controlled
electromagnetic field: no wear, no lubricant, no maximum speed in principle, and automatic centring of the rotor
about its mass. [s54] Their patent history is older than most people guess — Jesse Beams at the University of
Virginia filed early active magnetic suspension patents during the Second World War for ultracentrifuges tied to
isotope work — but the technology only matured with solid-state power electronics and digital control, through
the work of Habermann and Schweitzer in the 1970s. [s54]

The French company S2M, founded in 1976, was the first to market active magnetic bearings commercially; the
first big industrial application was pipeline compression in Canada, where removing oil systems from gas
compressors cut fire risk and insurance costs, and the digital control work there spun out Revolve Technologies —
later bought by SKF, which is how the ball bearing's founding house came to own a magnetic bearing line too. [s54]
Between 1996 and 2006, the Dutch gas producer NAM installed twenty compressors, each driven by a 23-
megawatt motor on fully active magnetic bearings at the Groningen gas field — oil-free machines that could sit
outdoors without a compressor house. [s54] Magnetic bearings now run turbomolecular pumps in semiconductor
fabs, flywheel energy stores, utility watt-hour meters and — most remarkably — the magnetically suspended
blood pumps of ventricular assist devices, where eliminating contact surfaces reduces blood damage and clotting.
[S54]

Two caveats keep the ball bearing safe. Every magnetic bearing needs a mechanical back-up bearing — usually a
precision ball bearing — for the moment power or control fails. [s541 And cost, weight and control complexity
confine levitation to machines that justify it. The future of rotation is not balls versus magnets; it is balls, magnets,
films and fields, each where it earns its keep — with the ball bearing, characteristically, standing by to catch the
others when they fall.

The Beams Sensation

The magnetic bearing has a longer pedigree than its futuristic image suggests. Jesse Beams at the University of
Virginia spun rotors on magnetic suspension to extraordinary speeds in the mid-twentieth century, chasing
ultracentrifuge physics; the industrial form arrived in 1976 when the French company S2M — later absorbed into
SKF through the Revolve acquisition — productised active magnetic bearings for turbomachinery. The technology
found its natural home in natural gas: hermetic motor-compressors, including the 23-megawatt units boosting the
Groningen field, running for years without oil, seals or contact. (s54]

The magnetic bearing's bargain is explicit: it trades the ball's elegant passivity for electronics, control loops and
backup bearings — conventional rolling bearings that catch the shaft when the power fails — and in return it
eliminates friction, wear and lubrication entirely. Its beachheads are exactly where those properties dominate:
gas compression, flywheels, vacuum pumps, and blood pumps, where a magnetically levitated rotor can pump a
patient's blood without contact, wear particles or thrombogenic seams. The ball bearing's most serious rival is,
characteristically, an absence of ball bearings — and it is sold, in part, by a ball bearing company. [s54]



The Bearing as Data

The sensor-bearing trend of Chapter 43 deserves a closer look, because it changes what a bearing maker sells.
Schaeffler's sensor bearings stream condition data for remote monitoring, letting operators detect impending
defects before costly failures, calculate maintenance intervals from evidence rather than schedules, and plug
rotating machinery into Industry 4.0 architectures; the company has floated the same sensor data serving
automated driving and car-to-car communication. (ss3] Vibration-based fault identification is the mature science
underneath it: a spalling raceway has a signature frequency long before it has a symptom. sse]

The commercial logic is the inversion of the bearing's historic invisibility. For a century the ideal bearing was the
one nobody thought about. The instrumented bearing asks to be listened to continuously — and in return offers to
make the unplanned stop, the most expensive event in any rotating plant, a scheduled non-event. The market
analysis is sober about the adoption condition: the data only pays where the customer's software and
maintenance process can act on it. (s16] But the direction is set. The ball bearing spent two centuries learning to be
ignored; it will spend the next one learning to speak.

The deepest change data brings is epistemic. For two centuries the industry knew its product statistically: the L.10
life, the Weibull slope, the fleet average. A bearing that reports its own temperature, vibration and load history
inverts that epistemology — from the population to the individual unit, from the prediction to the measurement.
If the instrumented bearing becomes standard in critical machines, the industry's core knowledge asset shifts
with it: from knowing how long bearings usually live to knowing how this one is doing, right now. s16]

The Century Ahead

The ball bearing enters its second century and a half with more work ahead of it than behind. The electrification
of transport is remaking its oldest large market: the electric motor spins faster than the engine it replaces, its
inverter sends currents hunting for ground through the bearings, and the industry's answer - insulated rings,
ceramic balls, conductive greases - is a whole new chapter of an old book. s16]

The machines of precision are remaking it too. A CT scanner's gantry spins its X-ray source around the patient
several times a second, and the ring bearing that carries that rotation must be silent, smooth, and exact, because
any vibration arrives in the image as a blur. Medical imaging, semiconductor lithography, and the robot joint
each pull the bearing further toward the limits of roundness. [s75]

Space asks the hardest questions. A spacecraft cannot be serviced, so its bearings must be right the first time and
stay right for decades in vacuum; the strain-wave gearing that folds a bearing's raceways into a flexible ellipse
now points antennas and drives robot arms where no mechanic will ever reach. The solutions feed back down to
earth, as they have since the space age began. [s69]

And the bearing itself is becoming a witness. Sensorised bearings - rings that carry their own accelerometers,
thermometers, and strain gauges - report their condition continuously, turning the maintenance trade's
diagnostic art into a data stream. The part that spent a century and a half making friction invisible now makes
machine health visible, and the same signatures that a condition monitor once hunted through a housing wall
now arrive by wire. [s76]

The long arc of the thing is the same one this book has followed from the Nemi ships: a civilisation decides that
sliding is waste, that rotation deserves better, and that the difference between the two is worth centuries of
accumulated precision. Market researchers project the industry's continued growth through the 2030s - a forecast,



labelled as one - but the deeper certainty needs no projection: wherever the next century spins something, a small
steel ball will be asked to carry it. [s39]



EPILOGUE

The Industry of Rolling

What a handful of hardened spheres teaches about the material world.

This book began with a glass — the IOI question of who made it, through what steps, at what cost. It ends with a
sphere. The ball bearing is the purest example we know of material thinking's central lesson: the world is not
made of products, it is made of processes, and the processes are made of things like this — a ball ground round on
a tilted wheel, in a town on the Main, by a method invented in 1883 and refined every year since.

Follow the sphere and you find everything. Rome's banquet platforms and a museum fire in 1944. A Welsh
ironmaster and a Parisian bicycle mechanic. A physicist who gave his name to radio waves writing the equations
of contact instead. A Swedish textile mill built on mud. Five hundred bombers over Schweinfurt. Guinness
certifying 1.4978 millimetres of hardened steel. A toy craze that consumed fifty million precision bearings in a
summer. A satellite with quartz spheres weighing spacetime. The electric car's new disease, and the ceramic cure.
No other object this small touches this much of the human story, because no other object is this close to the
universal machine verb: turn.

The dependence is total, the attention is zero, and that is precisely the condition IOI exists to correct. Somewhere
within a few metres of you now, balls are rolling in grooves — in the fan, the laptop, the watch, the refrigerator,
the car outside. They were made by the billions, to tolerances of millionths, by an industry that runs from
Schweinfurt and Gothenburg to Osaka, Canton and Karuizawa, on science from Dresden and Gothenburg and
Leeds, out of steel cleaner than almost any other material civilisation makes. They ask nothing. They only keep
the world turning.

That is the industry of the ball bearing. The item comes first; the country studies follow it. This is its book.

The last word belongs to the object's humility. A ball bearing does not advertise. It is engineered to be forgotten,
and the measure of its two centuries of refinement is that the forgetting now extends to entire industries:
warehouses of conveyors, hospitals of scanners, cities of escalators, a sky full of turbofans, all resting on hardened
spheres that almost no one will ever hold. The industries of India - and of everywhere else - run on rolling
contacts a few square millimetres at a time. To study the ball bearing is to learn that the material world's grand
structures stand on small, precise, faithfully repeated things, and that making such things well, at scale, for a
century, is itself one of the grand structures.
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