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Prologue

As I descended the foam-lined staircase into the pub basement, the buzz of the bar became muffled into silence. Entering the underground venue, I saw rows of empty chairs and, following the eyeline of the imaginary seated crowd, my stomach lurched when my eyes fell upon the spot-lit microphone stand at the centre of the small, elevated wooden stage. I had a very bad feeling about this.

The audience gradually took their seats, and I sat in their midst, attempting a show of normality. As the event began, the MC introduced himself and I spilled beer down my chin. The folded print-out of my script grew damp between my sweating, shaking fingers, and I continually re-read it from the centre of the laughing crowd as the acts turned over, one by one, ticking down to me. I glanced over my shoulder towards the fire exit – it wasn’t too late to feign illness. Or injury! Yes, an injury. Maybe I could stage some sort of terrible accident using this pint glass? Not enough to cause serious damage, obviously, but just enough so that –

My morose contemplation was interrupted when the MC suddenly shouted my name and the crowd clapped, whooped and cheered as directed. Mortified, I rose, shuffled along the cramped row of knees, and approached the empty platform. Grasping the microphone tightly, I moved its stand to the side of the stage. Its metal casing felt comfortingly cool beneath my flooded palm. Meanwhile, spotlights shone aggressively into my eyes, and my cheeks turned hot. The clamour subsided and was succeeded by silence. The front row gazed up at me, expectantly.

‘Good evening everyone, my name’s Anna,’ I began, as rehearsed, startled to hear my amplified voice boom disembodied from the sound system, ‘and I’m a materials scientist.’

*

Materials scientists study substances – metals, plastics, ceramics and glasses – by zooming in. The process starts at the human scale, which covers the objects we can hold and the surfaces we can feel, like the weighty microphone I was grasping in my tense hand that night, the coolness of the smooth metal shaft zapping nervous heat away from my skin.

Zooming in further, we reach the limits of human discernment by hands and eyes. These are the textures and constructions of materials, like the hard metal wire grille that pressed into my chin as I recited my opening jokes, and the soft plastic foam behind it whose bubbles flexed to cushion the shockwaves of air ejected from my lips as I spoke.

Material features smaller than this scale go beyond the limits of human perception. These are the microstructures that make up the invisible regions and arrangements of atoms inside materials. Like the familiar directionality of the grain in a piece of wood, the metal of the microphone casing is also made up of grains; areas of orderly stacked atoms bound together by physical forces to produce a collective, continuous substance.

Each of these grains – often far smaller than the eye can see – is made up of many millions of atoms. I usually think of them as spherical balls like marbles, crammed and jostling together, buzzing with the heat of the universe. Materials scientists zoom in all the way down here with instruments or imagination to see what these atoms are up to; how they arrange themselves next to each other, how they bond together with their neighbours, how they slip and slide over one another. These relationships dictate the very essence of a substance; strongly bonded atoms make rigid solids like metals and ceramics, atoms with weaker bonds between them are more likely to be found as soft plastics or liquids, and those with atoms which hardly notice each other at all will be happiest as a gas. 

Sometimes it’s necessary to zoom in even further than this, down to sub-atomic territory, to have a look at what atoms are made of – the protons and neutrons of the central nucleus, orbited by a troop of electrons. These basic atomic ingredients decide its element and position on the Periodic Table, from the smallest atoms – hydrogen – to the heaviest naturally occurring element, uranium. At this level, the laws of materials science break down, and quantum physics takes over. The very essence of matter becomes slippery and imprecise. In this dominion of the miniscule, atoms can’t be thought of as balls at all but as mostly empty space; what were once solid particles are instead just flashes of light dancing in the darkness. I find it’s usually best not to spend too much time thinking about what goes on down here.

Once we understand how materials are made by the different flavours and behaviours of atoms, and how they make up structures, textures and objects, we can then work out why materials are the way we find them. Why metals are heavy and conduct electricity, but plastics are light and don’t. Or why glass is hard and strong but still susceptible to shattering catastrophically. Learn to read the language of atoms, and you’ll unlock the mysteries of the material world.

The really exciting bit is that once we understand why materials are the way they are at all of these different length scales – from the micron to the microphone – we can then start modifying them to improve their properties for our own purposes, or dreaming up entirely new ones. Humans have been doing this for thousands of years, starting with blending different elemental ingredients of metal atoms together to make the alloy of bronze, and continuing in the materials science laboratories of today.

To my stunned surprise, my first stand-up comedy performance in that dingy pub basement was not a complete disaster. When the first wave of laughter washed over me it felt exhilarating, though I suspected that the audience were mostly just laughing to be kind. By the time I was wrapping up and passing the microphone back to the MC, relief became pure euphoria.

Growing up, nobody would ever have described me as the class clown. I had been roped into performing that night after taking an optional seminar in Public Engagement as a way of getting a break from the laboratory. The course leader had mistaken my eagerness to contribute to the session as extroversion; never one to let a teacher down, by the end of the day I had agreed to take part in a stand-up comedy night performed by researchers about their work. The trouble was, I was petrified of public speaking.

But something about stand-up intrigued me, and kept 
me coming back over the following months and years. At each gig my confidence grew, but my performance was never perfect. There was always a punchline that didn’t land quite right, or a rhythm I couldn’t catch. The same anecdotes could set one room on fire, but in another go down like an inexplicable lead balloon. The addictive counterbalance to this confusion was laughter, which felt far too good to walk away from, despite all the nerves. I became compelled to understand the chaotic relationship between audience and comic, and continued to chase the elusive perfect gig.

*

The more I publicly revealed myself as a materials scientist through comedy, the more questions my friends and audiences would ask. Why are phone screens made from glass, even though they always smash? Which is the best alternative to plastic? What do you call everything that isn’t a material? The more they asked, the more cracks in my understanding of the material world were revealed. ‘It’s complicated,’ I would shrug, ‘that’s an interesting question,’ I’d stall, ‘to be honest with you, I’m not really sure...’

I would spend my days in the laboratory mulling over this conundrum. It was deeply troubling that materials science couldn’t find answers to these questions – or, more specifically, that I couldn’t, even though I was supposedly the expert. Where could the answers lie?

One afternoon, I stood in my white lab coat frowning at a pressure gauge. The numbers on the ancient digital display should have been steadily creeping downwards as my pump evacuated the air inside the rigging of gas pipelines that I was using for my experiment. Instead, the figure was stoically stationary. This could only mean one thing: a leak. Sighing, I put the gurgling pump out of its misery, and introduced 
a small overpressure of air into the system, so that I could apply some washing-up liquid and watch for bubbling, 
like searching for a puncture underwater in a leaky bicycle innertube. The dribbling pipes started to fizz at the elbow-join culprit, where some copper piping must have come loose.

‘That’ll just take a quick solder to fix,’ my supervisor advised. ‘There’s a new department just opened for stuff like this. It’s called the Institute of Making. Why not go and see if they’ll help you?’

So, clutching my broken pipe, I went off in search of this curious sounding place. Entering from the heaving throng of undergraduate students outside, I suddenly felt as if I had walked into an alternate universe. Floor-to-ceiling shelving displayed a plethora of up-lit objects: plump foamy sea 
sponges huddled next to creepy neon-green crystal bowls, and jaunty rubber ducks sat sentinel around a gleaming silver chalice. As my wide eyes climbed upwards, menacing barbed wire coiled high above my head, next to what appeared to be the bark of half a tree. On the opposite wall behind me, smaller shelves sported hundreds of sealed glass jars, each containing something different; an anonymous blue powder, white, crystalline sugar cubes, scrunched up purple plastic sheeting, a single pine cone. It was like an apothecary – not of medicine, but of materials. 

‘Can I help you?’ asked a young, friendly-looking chap as I stood gawping at the display.
 
‘Oh, er, yes please. I think I need to solder this copper joint back together,’ I replied. 

‘Yep, that should be simple enough,’ he said, turning it over in his hands. ‘Want some help?’

Relieved at the offer, he led me through to the back of the space where a small workshop was set up. Tools glinted threateningly from their hooks on the walls. Some I recognised from my laboratory, but the purposes of many were a mystery. Several students appeared to be tinkering with curious constructions, stood around dusty metal benchtops clustered at the centre of the workshop. Intimidating mechanical saws and lathes crouched at the perimeter.

With the copper pipe gripped firmly by the jaws of a vice, my new instructor guided my unsteady hand as the blue blowtorch flame roared against the rosy metal. Touching the tip of the silver-coloured solder wire against the heated corner, it liquified instantaneously, and got sucked into the thirsty join. Capillary forces, I thought to myself. Nice. 

‘Great one!’ the nice man enthused. ‘That’s a solid first solder. You should come and hang out here again. Maybe you might like to make something of your own from scratch next time?’

‘Oh no, I – I couldn’t. I don’t …’ I faltered, ‘I wouldn’t know where to start …’

The truth was that an ignominious childhood event had given me a lifetime aversion to anything related to hands-on making or arts and crafts. I was six years old at the time, and felt at the top of my game. That school year I’d made it onto the top maths table, and had accrued a record tally of gold stars. I was a high-flier and, to be honest with you, I knew it.

My class had been making cushions in our arts and crafts lesson, but mine hadn’t quite gone as I’d hoped. It was supposed to be shaped like our new pet rabbit, Daisy, except its elongated face, fat and ill-defined ears and stocky, erect legs made it look more like a clawed anteater crossed with a pained camel than the cute bunny I had imagined. I stared at my cushion as it grinned maniacally out from amongst the display of lovely flowers and cupcakes which the other children had made, and felt my ears begin to burn with shame. 

Suddenly, our teacher plucked my awful Frankensteinian creation from the pile and the whole class started clapping and turning to laugh at me.

‘… special mention for the best effort!’ I heard her say. After I sat back down, having collected my ‘best effort’ certificate (which might as well have been a wooden spoon, I thought), I hugged my grotesque bunny cushion to my chest and felt the tears begin to prick at my eyes.

Back in the workshop, once my newly fixed pipe was cool enough to carry away, I paused at the door, magnetically drawn back to this so-called Materials Library. Wandering over to the shelves, I strained to lift a weighty cannonball from where it was nestled in bristly astroturf, ran my 
hands over what I hoped was fake fur, heard the musical tinkling of plastic beads as they fell against their glassy 
jail. I cracked the lid of one jar only to be hit with an overpoweringly putrid pong and quickly tightened it back on. What was that? Come to think of it, what was any of this stuff?

As I explored, I felt a chasm opening in my understanding of materials. I knew the theories behind brittleness and elasticity, but I couldn’t even begin to distinguish what materials most of these objects in front of me were even made out of. I had become so used to exploring the material world with a scientific probe that my own senses of perception had become thoroughly blunted. 

It felt troubling, too, to experience some new and unfamiliar material properties embodied in these objects. Properties like disgust, pleasure, movement, amusement, rustle, allure, intrigue, menace. Rather than being inherent to the materials themselves, these traits seemed to be gifted from the objects they’d been made into.

What were these processes that could transform persona­lityless porcelain into a sophisticated teacup? Innocent 
steel into malevolent barbed wire? I certainly hadn’t learnt about them in our Materials Processing lectures. As I finally made my way out through the exit, unhinged by this uncomfortable epiphany, my hand pushed against the glass of the door and I read the answer in backwards script printed on the other side:
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This book is the story of a naive scientist’s exploration of materials as used in the handmade world. That first day at the Institute of Making, I learnt that materials science was just one storyline for this ‘stuff,’ and that there are all sorts of ways to understand materials without resorting to microscopes or calculators, such as history, design, anthro­pology and, yes, my dreaded ‘arts and crafts.’ Indeed, I hoped that these alternative narratives might help answer the questions about materials that my scientific knowledge alone could not account for. 

Over the following months and years, I began to seek out artists, craftspeople and professionals who have dedicated their lives to materials. I took a research job at the Institute to continue my investigations, and the following chapters describe this journey.

The ten materials featured in this book represent a diverse mixture of substances plucked from the detritus after my understanding of materials collapsed around me. Our story begins with glass, a well-studied material whose usage as laboratory test tubes, beakers, flasks and funnels makes it a familiar companion, and well within my scientific comfort zone. Sticking with substances recognisable from my scholarship, I explore plastic, steel, brass and clay, comprehensively covering the major materials categories of metals, plastics, ceramics and glasses. 

There follows a leap into the unknown, with materials that had as yet gone unstudied, but that represent key players in the world of handmaking and craft. Sugar, a substance familiar at least to my palate, felt like a good place to start, although food as a class of materials was a novel idea. After this, I explore wool, wood, paper and stone; materials which fall into the loose category of ‘natural materials,’ those manufactured by animal, vegetable and mineral processes. All ten materials – be they staples from materials science or the world of craft – are presented here on an equal standing.

I realised on that first day in the Institute of Making that I would never truly grasp materials without literally getting my hands on them. So I waved farewell to my comfort 
zone to meet makers and try my hand at their crafts, in an attempt to paint the fullest picture of the materials in question. In addition to this, it wouldn’t have been possible to profile the materials fully without looking into how they came to be, and I’ve done my best to provide as globally comprehensive a historical narrative as possible. Nevertheless, since my adventures were confined to the British Isles, the historical accounts have inevitably been centred on the making cultures and traditions of this region.

By searching for meaning through making, I began to make personal connections between the handmade material world and my own lived experiences. So, this book tells the story of a life intersected by those ten substances, which together reflect this overall journey of discovery. I hope that by the end, you’ll be able to identify the tales told by materials in your own life, too.

Let’s begin.
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Glass

My phone alarm spooks me from fitful slumber, and for a moment I can’t remember where I am. Groggily opening my eyes, I recall that my Dad had driven me here yesterday, and wouldn’t be coming to get me for another three days. My heart sinks as I remember that this is the most important day of my life. And I’ve got the flu.

Sitting up, I swing my feet over the side of the single bed in the small, poky dormitory. Everything spins. My throat is swollen – too painful even to swallow – my nose thick with mucus, my eyes crusted over. I check the time. It’s an hour and twenty-five minutes before my first Oxford entrance interview.

The wood-panelled office is exactly as I had imagined it, with worn, dark-green leather soft-furnishings and ancient peeling book spines stacked intimidatingly, mocking my naivety with the vastness of knowledge packed inside them. A professor sits behind a dark wooden desk – I’ve never met a professor before – and I apologise for having a bit of a cold before shaking her outstretched hand. A disgusted grimace paints her face.

The old wooden chair creaks as I sit down. I shift uncomfortably in my ill-fitting grey pin-striped trousers which I’d bought from the ‘office’ section of Bedford’s New Look the previous Saturday. It’s December and frosty outside; the atmosphere in the room is similarly chilly, but despite this I can tell that a betrayal of sweat patches is spreading through my thin mauve cardigan.

‘So, [looks at paper on desk] Anna, I haven’t read your application. Tell me about yourself and why you want to come and study Physics at Oxford.’ I sense my face immediately expose my panic, and I mumble something about discovering how the universe works, but can’t remember the authors of the popular science books I said I had read on my personal statement.

Pushing a piece of paper and a pencil towards me, the professor asks me a question, something to do with lightning strikes and cups of tea. My eyes begin to stream and I attempt to stem the flow with the dishevelled tissue I’m clutching in my clammy fist, cursing these pocketless smart clothes. I pick up the pencil and shakily draw the x and y axes of a graph, simultaneously blowing my nose whilst blindly feeling about through the fog in my brain for a lightbulb moment. 

Similarly humiliating grillings ensue over the next two days. Sitting opposite a variety of physics professors, I blink a steady stream of tears out of my eyes, my face awash with the smears from fruitless attempts at applying make-up over my red raw skin. The illness is sucking all energy from my mind and body; I’m so exhausted that I’m just grateful to have a sit down in the interviews, after traipsing rain-soaked through the limestone quadrangles of this unfamiliar town in search of the right room. With each incomplete answer I feel my dream of studying physics here slowly slipping away. In between interviews, I sleep and dose up on medicine, counting down the hours to when I can leave.

The final morning dawns bright and crystal-clear, thin webs of ice having woven over the single-glazed windows overnight. My head feels clearer too, and the sickness 
seems to be passing, like the oppressive clouds that have 
now yielded to hopeful sunshine. I pack up my things and make my way over to the materials science building. This interview had come as a surprise free shot; the Department of Materials Science had written to say that they were low on applications that year, and so had invited physics applicants to interview with them, too. Without knowing anything about materials science, I thought I might as well take them up on their offer to increase my chances of getting in. 

Around a table in a sunny conference room sit four professors of materials. The atmosphere is warm and informal; they know I hadn’t originally applied for it, so they invite me to just chat with them about a broken hunk of metal plonked on the table between us. I feel relaxed and clear-headed. I croak my way through an easy mechanics question about a bouncy ball and leave feeling buoyed that I had done my best in at least one of the interviews, after the embarrassment of the previous three days. 

A few weeks pass, and Christmas Eve dawns. From my bedroom I hear post flop onto the doormat in the hallway. The stairs creak as Dad climbs to softly knock on my bedroom door. He hands me a thin beige envelope, then hastily retreats. This is it, the biggest crossroads of my eighteen years of life to date. 

‘Dear Miss Ploszajski,

We are delighted to offer you a place to study Materials Science at Mansfield College at the University of Oxford …’

A jolt of disappointment floods through me. Followed by gratitude. Followed by confusion. What exactly is materials science again? 

Dad pokes his head around the door, ‘Well?’

‘I got in for materials science,’ I reply, dumbstruck.

He pauses, ‘Is … is that good?’

‘Yeah,’ I reply, ‘I guess so. Looks like I’m going to Oxford!’

*

When I arrived, I worked hard, attending every lecture; even those which started early, my post-nightclub order of polystyrene-wrapped chips, cheese and beans lying still warm on my bedroom floor. I learnt about the chemistry of alloys, the engineering of composites, and the physics of light and how it interacts with materials like glass. It turns out that to understand glass requires an understanding of the equations that describe light as an electromagnetic wave, and the mathematics of quantum mechanics. Glass was the material that gave me the best of both worlds; a familiar backdoor labelled Physics through which I could explore the uncharted realm of Materials. 

During my years as an undergraduate, my course-mates and I would spend afternoon practical sessions in the department’s teaching labs, studying materials by testing them to breaking point and examining the remains through the glass eyepiece of a microscope. An unseen world of the fabric of ‘stuff’ would materialise: the grains of metals, which looked like a patchwork of fields viewed from an aeroplane; the Velcro-like tears of plastics ripped apart by force; the ripple-like fracturing of glass. Thanks to the light-bending abilities of glass lenses, theories and formulae were brought magically to life.

Glass remained my faithful friend into my engineering doctorate, a PhD-equivalent degree which I embarked upon after my undergraduate. The stuff was everywhere in my laboratory; glass beakers and funnels spilled out of cupboards, test tubes lay dirty in sinks, crusted with unknowable substances. In some experiments, special reinforced test tubes made from a thick layer of glass would insulate me from all sorts of invisible toxic gases, yet I could happily watch their effects on my materials as they changed colour or bubbled evilly, my nose just inches from the noxious fumes.

Alas, in the chaotic environment of a busy research laboratory, accidents are inevitable, and one day I smashed one of these special test tubes, fortunately without the deadly gas inside. People don’t tend to cheer when you smash scientific glassware like they do with glasses in pubs, they just roll their eyes and tell you to go to the glassblower to get it fixed.1


Gingerly clutching my newly weaponised test tube, I sought out the glassblowers who resided in the chemistry department. As I knocked and entered, I couldn’t believe the sight of this magical grotto. Glass was everywhere; bulbous pear-shapes tapered into delicate gossamer flutes, bubbly orbs nestled concentrically within sleek balloons, undulating transparent pipes zig-zagged snake-like inside oblong chambers. The roar of torches was accompanied by the clinking of stacked articles, finished and ready for collection by their lab-coated owners. 

I’d never really considered the value of glassware until I broke a piece and saw it lovingly fixed by an artisan. As I peered over the glassblower’s shoulder and watched him torch, turn and tempt the gooey glass back together, I wondered: what was so special about this stuff that the department employed two full-time glassblowers to make such custom equipment by hand? Why, when there’s a whole catalogue of cheap plastics, sturdy metals and inert ceramics available, do we continue to clutch onto this easily breakable material? My scientific life owed this substance everything, and yet glass had evaded my attention until now.

Years later, when it came to seeking out my first craftsperson to speak to for this book, I didn’t think twice before getting on my bike to meet specialists who straddle the craft and scientific world to handmake this crucial apparatus out of glass. 

It’s an unseasonably warm day in February, and I head east from home, past the restaurants and markets, mosques and motorways of London’s East End until buzz gives way to suburbia. I’m early. Locking up my bike, a friendly black cat rubs against my legs, and leads me to a door, ajar, at the address I’ve been given. As soon as the cat slips inside, a large boot promptly appears through the opening – with yowling moggy attached – accompanied by a gruff ‘Get lost, you b – ’

‘Um, hello?’ I proffer, and, grateful not to be a cat, 
shake the welcoming hand of Terry, master glassblower at Chem Glassware, a family business that has been making scientific glassware for more than fifty years. I enter the barn door, and as my eyes adjust to the dimness, ghost-like collections of glass pipes, jars, tubes, ampoules, phials, globes, beakers and bulbs materialise from dark corners of the dusty stone floor. In one section sits a mountain of bubble wrap and industrial-sized gas cylinders line up along the opposite wall.

Terry leads me up some steep wooden stairs, telling me to mind my head on a low beam, and through a door to what used to be the hayloft of this old coach house. The temperature change is stark; compared to the drafty storeroom downstairs the loft is warm and stuffy, heated by several flickering yellow flames from torches propped up on wooden desks.

Terry and his brother Ray have been in this same place blowing glass for over half a century, and it shows; the once whitewashed ceiling is now yellowed – ‘That’s from the gas, not cigarettes, I swear!’ – the exposed beams holding fast. Piles of papers and cardboard boxes cover the work-surfaces and dusty wooden floorboards, and familiar glassware, such as funnels, beakers and petri dishes, sit submerged in washing-up bowls of water, balanced precariously on the edges of rusty filing cabinets. 

In one corner, long boxes filled with glass tubes of different diameters are stacked onto shelving, just their ends visible, like a modernist beehive. In another, Ray sits at a green vintage lathe. A flickering yellow torch perches at his elbow, rubber hose connecting mouth to machine, and a hollow glass cone spins symmetrically under his hands. He is attaching a tube to the cone to create a small glass funnel, using the torch to melt the glass in the right place and a carbon pad to shape it. He moves with the automacy of someone operating by long-ingrained muscle memory.

Terry and Ray regularly host other glassworkers in their workshop, and it’s one of them I’m here to meet. Charlie Murphy is an artist who uses glass and light in collaborations to study and represent scientific and anatomical phenomena. She’s perfectly placed here, at the intersection between the craft of shaping glass by hand and the understanding of its material properties to make art out of science. I hope she’ll be able to shine some light for me on the secret of glass’ scientific success.

‘Alright,’ Charlie declares, steering me into a swivel chair behind one of the wooden desks, ‘let’s get glassblowing!’

‘This is borosilicate glass, and it’s the main type of glass used here.’ She brandishes a long, thin, transparent glass rod. Measuring a suitable length by eye, she scrapes a tungsten carbide razor blade against the side of the glass, licks her finger to wet the area, and breaks it between her hands with a sharp snap. ‘You might know this stuff as Pyrex.’

The material that we commonly think of as glass – the transparent windows, the pint glasses, the spectacles – is based on silicon dioxide, or silica, a substance that makes up the majority of the stuff of sand. Silica is an example of a substance made of molecules, which are a collection of a small number of atoms bonded together.2
 Another well-known molecule, H2O, is made from two hydrogen atoms bonded to one oxygen atom. In water, H2O molecules swim around, bumping into one another, and flowing about to fill up any container they’re placed in. In ice, H2O molecules are fixed in position to make a frozen solid. More on that shortly.

Silica molecules are SiO2 – so they are made up of two oxygen atoms bonded to one silicon. In turn, these silica molecules bond together in three dimensions to form a chaotic, randomly arranged network. We describe this formation as ‘amorphous.’ The strong bonds in the silica network account for glass’s high melting temperature, strength and hardness.

In the gaps between the network of silica molecules, but not actually part of the strongly-bonded structure itself, can sit other molecules, like soda (sodium oxide) and lime (calcium oxide) in soda lime glass, or lead atoms in lead glass. These additives change the properties of the glass, making the melt runnier, for example. The subtleties afforded to glass by these molecular modifiers are an important storyline in glass’s history as a substance in the service of science.3


Glass has a long and rich lineage; the first archaeological examples from northern Syria, Mesopotamia and Egypt date back more than 5,000 years, though naturally-occurring glass, such as volcanic obsidian, was used as a sharp cutting tool by earlier Stone Age societies. The Ancient Egyptians developed glassmaking processes to make coloured ingots, beads and vessels by mixing and heating quartz sand and plant ash. These were not blown up into bubbles by the glass-worker’s breath; early glass vessels were created by rolling a globule of molten glass around a removable solid clay core. Blowing glass into large, intricate forms came later, around the first century BC, popularised by the Romans.

Prior to the formalisation of strictly scientific experi­mentation,4
 it was the alchemists of Europe, Africa, China and Asia who tinkered with matter in pursuit of miracle cures, elixirs of mortality and the transmutation of lead into gold. For almost two millennia, the predominant formulation of glass used by these experimentalists to contain their reactions was that of soda lime glass. Its transparency allowed for observation – an important part of the alchemic process – but it did, unfortunately, suffer from the material ailment of thermal shock. 

This is the catastrophic cracking that occurs when a material expands too rapidly or too unevenly when heated; alchemical experiments would end up smashed across the benchtop when these tinkerers were too reckless with their flames. The invention of borosilicate glass – the stuff I would be working with alongside Charlie – by German glassmaker Otto Schott in the late 19th century changed everything. To find out how, it’s time to take our first deep dive into the world of materials science, and zoom in to have a look at what the atoms are up to inside glass. 

The secret to the special shock resistance of borosilicate glass is its molecular structure. It’s a glass made from an amorphous web of silica and boron trioxide molecules; rather than incorporating different molecules in between those in the silica network, the boron trioxide replaces some silicas to become part of the network itself.

To understand thermal shock, we must first understand heat. All atoms vibrate and buzz with the energy of the universe. Most of us think of temperature as equivalent to ‘heat’ – how we feel the warmth of the sun on our skin or the cold of an ice cube on our lips – but science can always be relied upon to un-romanticise such lovely experiences. To science, temperature is a manifestation of how much atoms in a material vibrate; hot atoms vibrate vigorously, and cold atoms vibrate less. The heat travels through a material because energy is transferred from these strongly vibrating atoms to their colder, more sedentry neighbours.

When materials get hotter, their atoms gain more energy, which causes them to vibrate more. This has the knock-on effect of making the bonds between the atoms longer. It explains why most materials expand when they get hot, because atoms that vibrate more energetically take up more space, like impassioned movers and shakers on the dancefloor. And if the atoms are taking up more space, then so too will the material object. But the genius of this kind of glass is that it doesn’t expand very much at all when it gets hot. Why? 

Two reasons. The first is that in the amorphous network structure of glass, the molecules are not packed together efficiently inside the material (unlike the regimented rows of atoms in ice and metals, which we’ll meet later). This means that there are small gaps between the molecules in glass, which can accommodate the lengthening of the atomic bonds when the material is heated. The second reason is that the bonds in the network of silica and boron trioxide are particularly strong, so these bonds hold onto their atoms tightly and don’t elongate as much as a weaker bond might when heated.
 
Old-fashioned soda lime glass didn’t enjoy the benefits of such strong atomic bonds, and so, apparatus would expand unevenly when heated, and this would put the material under internal strain. If this strain became too much, then the material would crack. Without the handicap of thermal expansion, the invention of Schott’s borosilicate glass allowed scientists to push this substance to its limits: making glass apparatus in ever more elaborate shapes, subjecting it to more extreme thermal conditions, and putting it to a diverse range of uses, from the humble test tube to advanced experimental set-ups. Thanks to its superior resistance to thermal shock, borosilicate glass has played a crucial supporting role in countless medical, scientific and technological discoveries from its invention to the present day.

*

‘To hand-work glass, we’ve got to wear these very fashionable didymium glasses,’ says Charlie, handing me a pair of chunky plastic-rimmed spectacles. They look like sunglasses, but when I put them on the world becomes literally rose-tinted, and it takes a while to get used to. The lenses are made from the little-known elements praseodymium and neodymium. Didymium itself is a glass, and has the effect of blocking out yellowish light, dulling much of the glare from flames and red-hot glowing glass, which allows the glassworker to better see their work.

At the workstation, a torch is angled away from the seated glassblower and is controlled by two knobs. The first regulates the flow of gas, making the flame larger or smaller; the second controls the oxygen supply. The greater the oxygen supply, the hotter, fiercer and louder the flame. It reminds me of the Bunsen burners in my laboratory; increasing the oxygen generates the same blue, cone-shaped flame as opening the hole at the base of the Bunsen, except this flame is about five times as ferocious.

‘Start with it fluffy,’ Charlie demonstrates by delicately twisting the dials, ‘and then add oxygen until it roars.’

She lightly clasps one end of a thin glass rod about a foot long, and places the other in the top of the roaring flame – the coolest part, furthest away from where she’s sitting. ‘You’ve got to keep it constantly twisting so that it’s heated evenly on all sides,’ she says, rolling the rod between her fingers and thumb. ‘Even though this is borosilicate, it still needs to be heated up gradually. Then you can slowly bring it into the hotter part of the flame, and add oxygen to increase the heat.’

After about a minute of heating, the end of the glass rod begins to glow orange. It appears to get slightly chubbier, and the sharp edge created when Charlie snapped it off the longer rod becomes smooth. The globular end starts to droop, and as Charlie twists it in the flame, it continues to flip-flop due to the downward pull of gravity, the material steadily released from its rigidly solid form to become a deliciously viscous liquid. 

There is another criterion for a material to be a glass, other than its amorphous molecular structure, which is that it exhibits a ‘glass transition.’ This is where a material is hard and brittle at low temperatures, but becomes a viscous, rubbery, treacle-like substance when heated. The glass transition isn’t the same sort of material transformation as the melting of an ice cube at exactly 0°C. In ice, water molecules are arranged in a very precise and orderly configuration, called a crystal structure; a three-dimensional regiment of rows and columns made from evenly spaced molecules. Between the water molecules are weak bonds, which can be broken by heat. A temperature of 0°C is enough to break all of the bonds between water molecules at the same time to melt ice into water, freeing the molecules from their rigid structure and allowing them to joyfully flow, slosh and tumble over one another as a liquid. With freezing, the reverse happens; water molecules don’t have enough energy to swim around as a liquid any more, and instead bond stiffly to form a crystalline solid.

By contrast, the molecular structure of solid glass is amorphous; there are no rows and columns of molecules, but instead a frenzied jumble suspended in place. When solid glass is heated, there are no crystals to melt. Instead, as the glass gets hotter, the molecules gain more and more energy, until at a certain point the material goes through a ‘glass transition.’ To the glassblower, the change is gradual, taking place over a range of a few hundred degrees, during which the glass becomes less and less viscous until it eventually stops fitting our definition of a solid and starts fitting our definition of a liquid. In other words, it begins to flow.

This vagueness of when to call glass a solid or a liquid has resulted in some confusion, not helped by the fact that, because of its liquid-like amorphous molecular structure, solid glass is sometimes described as a ‘supercooled liquid.’ Its slipperiness has even misled historians, who noticed that surviving pieces of glass in old medieval churches were thicker at the bottom than at the top. They supposed this meant that glass was actually a very, very viscous liquid, so viscous that it took centuries to flow just a few centimetres downwards, thanks to the pull of gravity. There’s certainly a molecular argument to support this theory; the amorphous network structure of molecules in glass isn’t dissimilar to the disordered arrange­ment of molecules in liquids. But glass is a material of deception.
The real reason for the difference in thickness is simply that medieval windows were made by inflating a large bubble of molten glass, in a method called the crown glass process. This was then flattened and spun to form a large, circular disc, and cut into the desired shape. The small pieces of glass were latticed together with lead to make large windows, but the spinning didn’t produce perfectly even thickness glass. It made sense for the medieval glaziers to put the heavier, thicker sides of the pieces towards the bottom of the panes to make the windows as stable as possible.5
 

We have the glass transition to thank for glass’ exceptional ability to be pulled, stretched, blown and moulded when hot. No other substance – until, perhaps, the arrival of plastic in the 20th century – could perform such extreme transfiguration. This versatility made glass indispensable to science; it could comfortably conform to contain any experimental hypothesis the scientists wished to test. In fact, many were capable glass-workers themselves, creating custom apparatus from glass alongside their experiments on the laboratory bench.

*

Back in the stuffy hayloft, it’s my turn to try playing with glass. I cautiously wheel my chair behind the hot, open flame and lightly grasp another glass rod. I mimic Charlie’s technique of slowly rolling the heated end in the flame. It’s challenging to coordinate, and even more so when I introduce a second rod in my other hand. A concentrated silence descends. 

When both rods are up to temperature, I collide them together, the orange glow briefly intensifying at the join. I bend the rods into a V-shape, and begin to twist them round each other, working my way up their lengths. ‘That’s it, you’re getting it!’, encourages Charlie.

I can picture what the graph of viscosity against temperature looks like for glass, but I’ve never actually felt the softening myself. It’s amazing to sense this stiff, rigid material begin to yield under my hands. It softens the more I heat it, becomes tacky, and then silently vitrifies again as it cools out of the flame. All the changes must be felt by resistance; nothing visual shifts when the material changes state.

After a while, I’ve made a sort-of transparent glass scribble, and the two protruding straight rods I am holding are becoming distressingly short. ‘Here you go,’ says Charlie, handing me a third rod, this time thicker and green-coloured, and I begin the heating process again. I enjoy this new mixing of absence and presence of hue.

Glass is famously transparent – it was presumably this essential property that alchemists refused to compromise on in the early days, even if that meant it occasionally exploded from thermal shock. It’s the principle property we celebrate in glass today; through it we bring light into our homes, observe the clarity of wine, and correct our vision by balancing it on our noses. The optics of glass are central to the microscopes and telescopes that widen our scientific horizons, in the study of both the very small and the very large. Glass is made to be looked through. But such an unremarkable, invisible property has a surprisingly complicated origin.

The amorphous network of molecules that make up 
glass is continuous throughout the structure. Glass doesn’t 
have any regions where its molecules stack up into multi­tudes of crystals (as they do in metals), which means that a well-made piece of glass doesn’t have any internal boundaries or other defects to scatter incoming light. Without those discontinuities in the structure, light can happily pass through glass, sailing between its disordered jumble of molecules unimpeded. 

But this isn’t quite the whole picture. In opaque materials, some light gets absorbed by the material’s atoms. Light which isn’t absorbed is reflected, bouncing off the object’s atoms and into our eyes, giving us the visual impression of colour. White light is made up of the whole rainbow spectrum of colours. When some of these colours are absorbed by an object’s atoms, we see the colours that aren’t absorbed. For example, a tree’s leaf absorbs red and blue light but reflects green, so it’s green that we observe. 

This isn’t the case in colourless, transparent materials like glass, though. To understand the reason for this, we must take a deep breath and delve inside the atom itself.6
 You may remember from school that atoms are made up of a central nucleus containing protons and neutrons, with a number of electrons orbiting around it. The number of protons decides what element that atom is (and therefore the number of electrons, because these numbers usually balance); atoms of silicon and oxygen have 14 and 8 electrons respectively. But imagining atoms like this – a big central nucleus and electrons whizzing around nearby – is an appallingly inaccurate picture.

The reality is that the vast majority of an atom is actually empty space. A popular analogy for this is a sports stadium; the pea-sized nucleus sits in the middle of the pitch, and the electrons are grains of sand in the outermost seats. But to introduce you to my world of materials, I’d like you to imagine yourself, instead, as a nucleus of an average-sized atom, floating halfway across the English Channel. At this scale, the 21-mile span of water between England and France represents the size of the atom, and you, my unfortunate friend, are the size of the nucleus. Your outermost electrons, each of which would be the size of a large cake, would be orbiting as far away from you as the shallows of Dover and Calais. Your other electrons are orbiting slightly closer by.

These electron-cakes are orbiting around you in different energy levels – imagine them floating on little rafts in the distinct rows of the shipping lanes.7
 At first, an electron-cake is assigned to a certain row of the shipping lane, but it could jump further away from you into a different row if it were given the energy. This energy could come from waves passing through the sea – in a real atom, it could come from waves of light passing through the material. However, the energy from the wave needs to be exactly the right amount to get the cake to surf into the next row of the shipping lane; not too strong but not too gentle. If it’s not the right energy, the wave will simply pass by and the cake will bob around in its existing row, going nowhere. In other words, electrons need a precise injection of energy from incoming light in order to be promoted to a different energy level.

In the atoms of glass, the atomic energy levels are so far apart that no visible light has enough energy to surf the electrons into the next row. So, none of the light is absorbed, and all pass through the atom, rendering the material transparent. 

There’s a small catch.8
 Light waves aren’t totally unaffected when they travel through glass. We know this because of the effect of triangular glass prisms that separate the sun’s light into its rainbow constituents, and lenses that bend it in microscopes and eye glasses. 

You may have heard of light described as an electro­magnetic wave. These are oscillating electric and magnetic fields; forces of physics. These waves have nothing to do with matter or atoms; they can exist in vacuums (which is just as well, since that means the sun’s light can reach us through the vacuum of space). In practice, what this means is that electromagnetic waves are affected by things that are electrically charged. Like electrons.

If you’ll indulge my Channel analogy just one more time … when the waves pass by the cakes on rafts, although they don’t have enough energy to move the cakes to another row of the shipping lanes, the cakes do still bob around when the wave passes. The same happens in the atom; electromagnetic waves of light that pass the electrons cause them to oscillate. 

The motion of the cakes bobbing around causes them to produce their own ripples. These ripples meet and interfere with the big waves, slowing them down. In practice, this has the effect of causing light passing through glass to slow down relative to its travel through air, which contains comparatively fewer electrons (gases being much less densely packed with atoms than solids). It’s this phenomenon we have to thank for glass’ ability to bend light when shaped like lenses – to magnify the microscopic universe of a petri dish, and bring into focus the macroscopic universe out there in space. 

Here’s the best bit. Have you ever noticed that when you look out of a window, you can also see a weak reflection of yourself superimposed on the view outside? These are the whispers of those oscillating electrons. The ripples from the oscillating cakes are given out in all directions, just like those concentric wavelets you’d see if you threw a pebble into a calm pond. This means that some ripples travel in the same direction as the big wave, but others travel in the opposite direction. It’s the echo from the backwards-flowing ripples of oscillating electrons that we observe as a weak reflection when light passes through glass. (The polished flat surfaces of mirrors and glass window panes allow this light to escape and be detected by our eyes).

Phew. Thanks for joining me in the subatomic world, and congratulations for surviving. We’ve successfully used quantum mechanics to see why scientists throughout the ages valued glass so highly - its brilliant transparency. Now, back to the hayloft.

*

Under Charlie’s watchful eye, I become more confident with the glass, twisting and stretching it between the rods, fashioning it into a random tangle of glass curves and spirals. I didn’t really have any sort of plan for it before I started; rather, I was led by the natural movements of the material under my hands. ‘Maybe you could use it as a gin-and-tonic stirrer?’, she suggests.
 
I’m enjoying the quickness of its movement when it’s hot and soft, and then feeling the glass slow as it stiffens and cools. Just as I’m relishing this sensation, snap! The red-hot glass scribble flies towards me, bounces off my denim dungaree-covered thigh and thuds onto the floorboards under the desk. Smoke begins to curl upwards as the scorching blob singes the wooden boards, and Charlie rapidly rescues it with some metal tweezers. Mortified, I use my boot to stamp out a glowing ember, cheeks as hot as the flame. 

‘Perhaps we should move on from this one,’ Charlie suggests. 

Before I can recover from my blunder, the final stage is to anneal the glass; cooling it slowly, just as we had heated it gradually, in order to reduce the chance of cracking from residual internal strain. This involves moving the piece back to the top of the flame, decreasing the oxygen levels, and letting it curl and twist in the relative cool. After a few minutes of this, I stick the straight green rod into a dedicated wooden cooling rack, and leave it to rest. Breathing a sigh of relief, I lean back in the swivel chair and run my hands through my quiff, which has wilted with the intense concentration.

Annealing is important to reduce the risk of my glass gin-and-tonic stirrer cracking as it settles into its new form. Even though this is shock-resistant borosilicate glass, the pulling, twisting and stretching involved in re-shaping the material can put its molecules under an uncomfortable strain. As the glass flows, its molecules shuffle and jostle into position, but when the material cools and the molecules vitrify into their new formation, bonds find themselves awkwardly stretched or compressed, like a game of musical statues when the music stops and you find yourself balancing on one leg. Annealing gives the molecules a chance to relax into a more comfortable permanent position.

The incident with my smashed glass test tube highlighted another feature of glass: its breakability, described in materials science as toughness – the resistance of a material to cracking. Glass isn’t very tough compared to metal or plastic. It’s also incredibly brittle; it snaps and splinters apart into sharp pieces.

Materials science has managed to find a solution to this major handicap of glass to make so-called toughened, or tempered, glass. It can usually be found where safety and performance are paramount; car windscreens, drinking glasses and mobile phone screens. Invented in the late 19th century, glass tempering involves cooling the outer layer of the glass very quickly so that it is in compression; the molecules are squashed together far closer than they’d really prefer to be. To counterbalance this, the interior of the pane is in tension; the molecules are being stretched apart. 

The compression in the outer layer is key to making the glass tough. When something hits, knocks or scratches the glass, this might ordinarily be enough to prise apart some of the molecules in the outer layer, forming the beginnings of a disastrous crack. But the compression effectively forces the molecules back together, closing the crack, or not allowing it to form at all.

However, when something very hard hits toughened glass, it’s enough to overcome the compression and form cracks. Once these cracks are started, it doesn’t take much for them to spread through the material, ripping it apart in their wake. In fact, these cracks actually relieve the internal stress, so that cracks that do manage to form in a toughened piece of glass spread more easily than in normal glass, causing it to smash itself into thousands of blunt chunks. You may have seen the aftermath of this on street corners next to vandalised phone boxes or in the wreckage of a car crash.

However, scientific glassware is not made in this way. In fact, to be able to withstand the rigours of laboratory use, Ray shows me the importance of annealing glass to remove the internal strains in their finished pieces. They have a special polarised lens, through which it’s possible to see the internal strain of glass in colourful ribbons and stripes. Before annealing, a recently made laboratory beaker shows a band of yellow around its rim, a clear sign, he tells me, of material under strain. After a number of hours in a heated chamber, the tension all but disappears. By under­standing the needs of the molecules inside glass, Ray and Terry are able to meet the needs of their customers – strong, sturdy, reliable glassware.

*

My final challenge from Charlie is glassblowing, an ancient technique whose rise in popularity is generally attributed to the Roman Empire, although it had been developed by craftspeople in Syria and the Middle East over the preceding centuries. Even then, glass wasn’t a new material; other techniques for working and shaping glass into beads and simple shapes had been practised by many earlier cultures. Nevertheless, it was the Romans who made an industry out of the process of blowing down a pipe into a globule of molten glass, and inflating it into a vessel. If the glass was blown against the inside of a mould, shapely and intricate forms could be achieved; the Roman Empire became an epicentre for glass workshops.

Later, Venetian glassblowers in 15th-century Murano perfected the technique, producing fine-quality trans­parent glassware called cristallo. Murano became the 
global centre for glass production, and the artisans there kept their techniques closely guarded. Until, that was, one man from Florence blew the industry open by publishing a book called L’Arte Vetraria (‘The Art of Glass’) in 1612. 

Antonio Neri was an alchemist and glassmaker (as well as a Catholic priest) who was fascinated by concepts of the transmutation of materials. His book described the raw materials and formulations for different types and colours of glass, including both those of the Murano masters and of his own creations. Having now handled glass myself, I’m not surprised to learn that an experimentalist with a curious mind for discovering the nature of matter should be interested in the alchemical art of glass. 

Aside from variations in the precise ingredients of the glass and different ways of making fire to heat the material, basic glassblowing techniques have remained largely unchanged throughout the craft’s history. I’m excited to have a go.

This time I’m heating the end of a hollow tube of glass, again starting from the coolest part of the flame. As the end glows orange and begins to globulate and sag, I take the metal tweezers and pinch it to seal it, pulling the excess glass away to form a pointed nose-shape. A long, stringy tail of glass trails behind. ‘Don’t worry about that,’ says Charlie, ‘you can just break it in the flame.’ She’s right; the torch makes satisfyingly quick work of the spindly fibre, incinerating it in a flash.

Moving the tube slightly further up in the flame, I heat the section I want to inflate. When it’s ready, I go to place my lips to the other end to blow, but pause. Glass plays a disconcerting trick on the first-time blower; the orange glow from the hot end of the tube causes the cool end to also appear to be glowing hot. This is thanks to the phenomenon of total internal reflection, where light that travels through the glass of a long tube or fibre bounces back into the material, rather than escaping into the surrounding air. It’s all to do with the angle at which the light glances off the inside surface of the glass, and the speed it can travel through it, compared to the air outside. We have total internal reflection to thank for our digital world built from fibreoptic cables, the blessed Internet flashing into our homes on waves of light through encapsulation in glass fibres.

As a proud trumpet player, I have high hopes for my abilities as a glassblower, but the resistance is surprising; I blow until I’m red in the face, ears popping, but the tube yields barely a bump. Frowning, I try again, getting the material hotter, and this time manage to inflate a perfectly round bubble along the tube. I grin. A few more repeats with bolder heating and a stronger flame produces a series of lumpy orbs, which become increasingly unwieldy as their weight eventually causes dramatic tube-flopping.

I spend the next hour confidently playing with glass and fire. Its movement is oddly sensual; the timescales of flow feel animalistic, like the slow-motion movement of a snail, its resistance akin to swimming underwater. I love how it ends up so glossy; the heating smooths out any starting imperfections, offering an instant gratification of finish. The speed with which I’m able to work the material is dictated by heat, which can only be determined by the force of my hands; a feedback-loop of feeling.

When I eventually return the flame to its cheerful flicker and remove my didymium glasses, the whole world appears yellow, my brain overcompensating for this colour I’ve been deprived of for the afternoon.

Before I came here, I didn’t even realise that something as mundane and familiar as a beaker would have been crafted by the hand of an artisan. Watching the care with which Ray and Terry handle these everyday objects makes me see this glassware in a whole new light. 

On reflection, this material, glass, played a supporting role in my personal journey with science, too; from providing me with a gateway into materials science in the first place, to enabling my research with microscope lenses and laboratory glassware. The thermal shock resistance, mouldability and transparency of glass is a perfect storm of materials properties which has seen glass reign king of the laboratory throughout the ages. But until I met the craftspeople behind it, glass was always looked through, never looked at. Transparent, cold, blank, anonymous no more.

I cycle home with my glass objects cocooned in elaborate layers of bubble wrap, cardboard and FRAGILE tape. Their delicacy betrays glass’s weakness. What was recently able to withstand the savage heat of the torch must now be cradled and protected from even the gentlest of speedbumps. Glass is confusing like that. It defies definition of its materiality, shapeshifting silently from solid to liquid and back again, escaping our normal classifications. It bends light to obscure the obvious, and magnifies it to reveal the unseen. 

With my first material down, I feel emboldened by the revelation that it was possible to offload design ideas onto the material at hand, rather than lead with any sort of artistic initiative of my own. It was almost as if my glass gin-and-tonic stirrer had formed itself, shaped not by me but by the weighty flopping of softened glass and its slow-motion heated flow.

For my next material, I decide to investigate another substance familiar to me from my studies, one that I 
suspect will put my newly acquired glass-working skills 
to good use.

Notes

1 Come to think of it, a much higher proportion of my early research career was spent getting various pieces of equipment mended than I had initially anticipated.

2 Remember, you can think of atoms as tiny balls, and I usually imagine the bonds that hold them together as sticks.

3 We should remember at this point that we are dealing with structures of matter at extremely tiny scales; about a million silica molecules would fit side-by-side across the width of the full stop at the end of this sentence.

4 Science, as we think of it today – the systematic study of the universe using testable hypotheses and making mathematical approximations by observation – is a surprisingly modern concept. Up until the 19th century, the study of nature and the physical universe was called natural philosophy. Modern science branches into subjects such as chemistry, physics, biology, Earth- and space- sciences, whereas natural philosophy comprised topics such as the study of the cosmos, etiology (the study of causes), probability, infinity, nature, motion, space and time, and alchemy.

5 As a fun aside, today’s window glass is made in a very different way, using the float glass process, invented in 1959 by a British engineer called Alastair Pilkington. This impossibly elaborate method involves floating molten glass at more than 1,000°C on a bath of molten tin. Like oil on the surface of water, the glass is less dense than tin, so it floats on top. The surface tension between the tin and the glass and between the glass and the surrounding air makes the pane perfectly flat on both sides and of a completely uniform thickness, thanks to gravity. The bath is then carefully cooled to around 600°C so that the glass solidifies but the tin stays molten, and the pane can be removed.

6 I know I said that I don’t like to spend too much time thinking about the subatomic realm, but this is the one and only time we’ll be venturing down here in this book. It’ll be worth it, I promise.

7 Shipping lanes are like multi-lane motorways for boats.

8 Sorry about that, welcome to science.



[image: ]


Plastic


Novosibirsk, western Siberia, winter 1918

The journey had been stop and start ever since seven-year-old George and his family had boarded the refugee train heading east. Their voyage had begun in Yekaterinburg, just east of the Ural Mountains, to where the family had fled from Moscow following the Russian Revolution of 1917. The country was now in the grips of a bloody civil war, and they had been forced to flee again. The unforgiving Siberian winter lashed at the carriages, with howling winds and sub-zero temperatures, the desolate icy landscape smeared into the bleak grey sky.

Once more the train ground to a halt. Sticking his head out of the goods wagon they were sharing with several other families, George could tell they were in for a long wait; they were stuck behind another refugee train without an engine. It seemed they’d be going nowhere fast, so George went in search of hot water for his baby brother, since it was bitterly cold.

George was used to this; the trick was to get to the engine before it was uncoupled and persuade the fireman to drain off some hot water. As he reached the front, his heart fell; a large queue of people had had the same idea. A passing railwayman suggested George ask at the station buffet. 

He walked across the platform with a slight limp. This had been his gait ever since contracting polio when he was four. Pushing through the crowds of soldiers and refugees as best he could, George was again met with disappointment. But the kind waitress suggested he might have better luck at the restaurant across the station square. Sure enough, the cook there obliged him. 

Delighted at having acquired the precious liquid, George rushed back to the station to re-join his family. A jolt of alarm pulsed through him when he heard some clanking and an engine whistle. Upon reaching the platform, he found that their train was no longer where he had left it. Panicking, he ran up and down the various locomotives, but his was nowhere to be found. He was told that one had just left. Rushing around the station, he searched for his family, but to no avail. George started to cry. 

Some people gathered round, and one said that they had seen a woman and a young girl asking around the square after a lost boy. George searched the square but it was hopeless; they weren’t there. Exhausted, he gave up. Sitting down in the snow by some railings and warming his hands on the pot, George fell asleep.

He dreamed fitfully of tall, marching soldiers, their grotesquely long limbs moving gangly in sync, a kaleido­scope of khaki uniforms, shiny black boots and mocking brass buttons. They carried guns over their shoulders, and from their wide red mouths they sang ‘It’s a long way to Tipperary, it’s a long way to go.’ The soldiers turned on their heels and in formation, the long caterpillar line marched away. ‘WAIT!’ George screamed, his limbs numb and unresponsive, ‘PLEASE! WAIT FOR ME!’ But onwards they marched, ‘It’s a long way to Tipperary, to the sweetest girl I know …’

The next thing George knew, he was being carried back to the station by a kind man, frozen stiff, the lyrics of the song ringing groggily in his ears. These were the first English words he had learnt; they were being sung by British soldiers stationed in the town.1
 

A Polish soldier took George into his home and there he was cared for. This adoptive family would eventually join the easterly migration too, and, as luck would have it, George would catch up with his real family some months later down the line. Onwards to the far east they went together, to China and then Tokyo, following George’s father’s work. George wouldn’t see Poland – his family’s home country – until he was eleven years old, when George’s dad was summoned back by his old pre-war firm to return to Warsaw and resume his duties. 

*

George was my grandfather. I only really knew him when I myself was a child, and by that time he was an old man. I understood that he was the reason my surname sounded so different to those of my English school friends – I had to explain it to people enough times, that I was British, but my Dad’s dad was Polish. Despite the occasional embarrassment this caused, there were some advantages to having a Polish grandfather. For instance, I can remember being the first in my class to deduce the conspiracy of adults when, aged four, Santa Claus turned up in our hallway leaning heavily on a walking stick and wishing us ‘Merry Christmas, my dears’ with a strong Polish accent. 

But Grandad George (his adopted name, an anglicisation of the Polish ‘Jerzy’) always remained something of an enigma to me. Whenever we went to visit him at his home in southwest London, he’d talk a lot about the war and hint at a life full of great and terrifying adventure, but I was always too shy to ask more. I found out at the funeral that his life story had been written down, and each of his children had a copy. 

More than a decade passed, but finally my curiosity got the better of me, and I sat down to read the typed-up transcript. What I found was the extraordinary tale of a lifetime spanning much of the most tumultuous century in European history. I was gripped, tears streaming down my cheeks as I finally came to understand this unknowable man. 

By now a materials scientist, as I turned the pages I couldn’t help but notice that one material in particular kept cropping up in Grandad George’s story. I read of a life that was transformed by (and at times saved by) this stuff, with fate seeming to bring their journeys together. 

That material was plastic.

While his story was full of drama and the horrors of war, the plastic element felt nostalgic of a time when this material was celebrated as a symbol of modernity and optimism. Reading his words from my 21st-century perspective, I wondered what had happened to turn this material hero into a modern-day villain, one that seems such a threat to us that we now wage a ‘war’ on it?

To answer this question, I had to study the origin of plastic, and trace its evolution from chemical curiosity to material monster. If I could understand its rise, I thought, then perhaps I could understand its fall. I re-read Grandad George’s life story, this time looking for clues that might help me to unravel the mystery of what it was about this substance that made it so valuable to people like him in 20th-century society. I also sought out the expertise of a modern-day artist whose work reflects our current plastic culture, to find out what has led to the war on plastic being declared. So, this is the story of Grandad George, and this is the story of plastic.

*

In October 1910, a few months before George was born, a Belgian-born chemist in New York was granted the patent for the first plastic made from synthetic chemicals. Named Bakelite by its inventor, Leo Baekeland, this new substance was hard, quick to mould, and resistant to heat, electricity, scratches and solvents. The world hadn’t been totally devoid of plastic-like materials before this point; naturally occurring rubber had been used for millennia by the indigenous cultures of Mesoamerica, and animal horn, shellac and tortoiseshell had been known and used for centuries in the places where they could be found. Synthetic plastics such as cellulose nitrate, which was made from naturally occurring materials, had also been developed half a century before the arrival of Bakelite. 

Nevertheless during the 1920s, as George lived out his teenage years in a relatively peaceful Warsaw, three major developments in plastics saw them leap ahead and into the public consciousness. The first was the scientific recognition of their molecular nature. In the previous chapter we saw that glass is a material based on a strongly-bonded network of randomly-arranged silica molecules. Plastics are also made from molecules, but instead of being pyramid-shaped like silica, the molecules of plastics are comprised of hundreds 
or even many thousands of atoms bonded together in the shape of long chains. In the early 1920s, German chemistry professor Hermann Staudinger recognised that this molecular blueprint was the common link between these natural and synthetic substances, putting them into a brand-new family of materials. Staudinger coined the term ‘polymerisation,’ 
to describe how small molecules called ‘monomers’ join together repeatedly in long chains to form the molecules of ‘polymers,’ like a string of interlinked paperclips.

The bonds between these monomers are very strong, and are extremely difficult to break. This is what makes many polymers so stubbornly reluctant to biodegrade. On the other hand, unlike glass, the bonds that hold polymer molecules to other polymer molecules are relatively weak. This makes some polymers like rubber stretchy and flexible; the weak bonds allow molecules to slip and slide over one another when the object deforms. This was what made one of the first large-scale plastics – natural rubber – so valuable; no other material was so fantastically elastic. The weak bonds between polymer molecules also explain why many plastics soften at a much lower temperature than glass; they are much more easily broken by heat.

Once plastics had been discovered in the laboratory, it became the turn of engineers to build machines that could process them into useful items. This was the second major advance for plastics; machines for injection-moulding and extrusion were developed that could very quickly produce plastic parts, and powder-based processes saw plastics become viable economically in the commercial landscape. This set the scene for plastic to become an industry. 

The third change guiding plastic’s rise to prominence in the 1920s was that plastics began to be marketed. Brands from Rolls-Royce to Siemens boasted of their innovative new plastic products, and Harrods of London started to stock plastic tableware. This stuff was new, stylish, modern and exciting.

By the time George enrolled at university in Warsaw in 1935, there were a great many new plastics arriving on the scene, such as PVC, polyethylene and polystyrene. Many of them were thermoplastics, which became soft and mouldable when heated, but turned hard and sturdy when cooled. At the molecular level, thermoplastics have weak bonds between their molecules, weak enough to be continuously broken and then reformed by the act of heating and cooling. In years to come, this type of molecular bonding would be celebrated, since it allowed thermoplastics to be recycled. At the time, however, it was seen merely as a chemical curiosity.

The other category of plastics were so-called thermosets, produced when a starting powder or liquid undergoes a one-way chemical reaction to become solid. Thermoset polymer molecules are irreversibly joined by strong chemical bonds between them, which form during the curing process, when the plastic solidifies. These bonds can’t be broken 
by heat, which generally renders thermoset polymers unrecyclable. The concept of recycling, however, wouldn’t be a concern for decades yet.

The raw materials used to make these new plastics were crude oil, petroleum and natural gas. These fossil fuels are made up of hydrocarbon chains (so-called because they are made from hydrogen and carbon) of many varying lengths, which have to be separated out in a refinery. Chemical processes convert these into the building blocks of plastics – monomer molecules like ethylene and propylene. The next stage is to join the monomers into chains by chemical reactions, forming polymers like polyethylene and polypropylene. 

The concept of a ‘greenhouse effect’ had been proposed by French mathematician and physicist Joseph Fourier a century before, and by the time that fossil-fuel derived plastics were becoming industrialised in the 1930s, the role of carbon dioxide as a greenhouse gas was suspected. Nevertheless, the promise of a new material world made from plastic eclipsed any reservations about its potential for global warming. 

Over the ensuing decades it was our mastery of playing chemistry Lego with monomer building-blocks that allowed scientists to make the family of plastics so wonderfully varied. They found that incorporating different atoms in the molecule can give plastics incredible properties; for example, replacing hydrogen with fluorine, in the case of Teflon, to make non-stick plastic linings for cookware. Blending polymers together combined their properties. The polymer molecular structure could hold additives, such as colourful pigments, flame-retardants, lubricants and anti-microbials. Plastics, it seemed, were the wonder materials we’d all been waiting for.

*

Ever since childhood, George had been fascinated by aviation and flying. During his school years, he made model aeroplanes at home and wrote articles about them, poring over their physics and design until long after bedtime. By his late teens, George had built and flown his own glider. 

Weightless in the air, George felt safe up there. From his vantage point in the sky, he could see the houses and fields, roads and railways around Warsaw, which he now proudly called home. In that glider, George had built himself a machine that freed him from his terrestrial disability. Like all teenagers, George yearned to forge his own path, and being carried by his own invention was thrilling, and made him feel master of his own destiny.

George’s passion for flying saw him go on to study aeronautical engineering at Warsaw Technical University. The course was supposed to involve calculating the perfor­mance of existing aircraft. However, George and two fellow students, Ludwik Moczarski and Jan Idźkowski, asked their professor to allow them, as a team, to design, build and fly an entirely new aircraft. There were few precedents like this, but the professor readily agreed, and helped obtain the funds for building it. 

The brief was to design a light, experimental aircraft with the smallest available engine, and to obtain optimum performance by selecting the most aerodynamic shape. For two years, the trio would meet in a corner of the department’s workshop before and after class, working late into the night to design, test and build their plane. 

The specifications for the materials required them to 
be stiff, lightweight and strong enough to withstand the forces of flight that the little aircraft would find itself 
pitted against. Plastics would have ticked all the boxes, 
but it seems they were not yet mainstream enough for 
this DIY student project. By that point in the history of aircraft, aluminium had already replaced wood for commercial and military planes. However, George and friends’ university workshop wasn’t well set up for hardcore metalworking. Besides, they were constrained by a modest budget, and aluminium was far too expensive. So they settled for a wood and fabric design. The team called the aircraft Smyk (‘brat,’ in English) preceded by the first letters of their surnames – M.I.P. – and it flew like a dream. 

Alongside his studies and side-projects, George’s happy university years were spent sailing, canoeing, and at Warsaw Aero-Club. Although he couldn’t officially fly due to his disability, his friends were always happy to take him up, and often gave him control of the joystick. George and his pals were fun-loving pranksters, always getting up to no good; never one to miss a good photo opportunity, George once illegally climbed aboard a camel at Warsaw Zoo.

*

German forces invaded Poland at the beginning of September 1939. By this time, George had graduated and was working in an aircraft propeller factory in Warsaw, which was bombed and evacuated to some well-concealed timber mills in the forest surrounding the city. As a senior manager he was put in charge of the move, but it was a perilous journey since the roads were being attacked by German aircraft, and were filled with people fleeing the city. 

By mid-September, the Red Army had invaded from the east and were rounding people up to be sent to the Soviet Union. George narrowly evaded capture and transportation, and he fled south by foot towards Romania, under the cover of darkness. After three nights of walking cross-country he and his fellow fugitives crossed the Romanian border. It would be the last time George set foot on Polish soil for twenty years.

A friend drove them to the Romanian capital Bucharest, and from there to Belgrade in Yugoslavia. They took the train to Athens – over 600 miles away – and were then put on a boat with around two hundred other Poles to Marseilles in the south of France. From there, they were taken to Paris by train. Here, selection for military service took place. George was given the rank of Ordinary Soldier in the Polish Air Force and assigned to the aeroplane works as a designer. Alongside around ten other Polish designers, they were given the task of improving a new fighter jet, and for a few months George lived in Paris with a Polish family. They worked hard, and earned money. 

Back in Warsaw, M.I.P Smyk was destroyed by a fire in the aircraft hangar. Ludwik and Jan also fell victim to the war; they fought in the underground movement and were arrested by the Germans. Ludwik was shot in prison in Warsaw, and Jan died in Auschwitz. 

When France was invaded by Germany in June 1940, George was evacuated back to Marseilles, travelling on a motorbike that he had bought with his first pay cheque. It looked to George as if the war might be over, until Churchill’s famous speech, ‘We shall fight them on the beaches.’ That was George’s signal to try to reach British territory. 

This proved challenging. In desperation, George and three friends boarded a train to the Spanish border, but there it was chaos. Ships were refusing to go to sea for fear of Italian submarines lurking offshore. They managed to obtain three-day Spanish transit visas, with the plan being to reach the British territory of Gibraltar. Upon arrival, though, they discovered that Spain had declared a military zone around Gibraltar, and nobody could enter. 

With time running out on their visas, and little other choice, they boarded a ferry to Ceuta, on the opposite North African coast, and convinced a taxi to drive them 250 miles to Casablanca. There lay British and Polish ships, and they managed to board one of them, a merchant vessel, along with lots of other Poles, Czech and Belgian airmen, and civilians. Under the cover of night, and without George knowing their destination, the ship set sail into the Atlantic.

By this time, George had few possessions; all he carried was some cigarettes, some paperwork and the clothes he’d been wearing for the last fortnight. He and the other passengers survived mainly on tinned goods and fruit, and his one luxury was an inflatable lilo mattress, which he enterprisingly hired out during the day in exchange for money and food. The mattress was made of vulcanised natural rubber, and would have been a bulky but valuable item on-board the uncomfortable ship. The strength and durability of this material comes from the vulcanisation process, where the long chains of rubber molecules are joined together at intervals along their length by bridging sulphur atoms. This so-called cross-linking process had been developed around a hundred years previously,2
 and the vulcanised rubber industry was an important one, with mackintoshes, wellington boots, vehicle tyres, and numerous household items all made from the stuff.

Despite the prevalence of rubber goods in the early 20th century, the fact that George’s fellow passengers were willing to part with money and food suggests that his rubber lilo was a precious luxury during wartime. Perhaps this was because the war was putting increasing demand on manufacturers to produce more and more rubber items for the military like gas masks, uniforms and ground sheets from increasingly scarce and expensive material resources.

The solution was to develop synthetic alternatives, and the Soviet Union, Germany and the US all made significant synthetic-rubber breakthroughs during the war, but at considerable cost. For instance, in Germany thousands of inmates of Monowitz concentration camp, a subcamp of Auschwitz, provided slave labour to the ‘Buna Werke’ factory, owned by IG Farben, attempting to produce synthetic rubber goods. The life expectancy for workers was three to four months, or one month for those unlucky enough to work in the mines there. Anyone deemed unfit to work was gassed.

*

George arrived in Cardiff docks on 4th September 1940, after an uncomfortable trip across the Atlantic to Nova Scotia and back. He was taken to London, where he was allocated to lodge with a family in Brixton who fed him well, though they had to spend the nights in an Anderson shelter at the bottom of the garden, as London was being battered by the Luftwaffe.

With global disruptions to materials supplies, World War II saw the widespread adoption of salvaging or, as we say today, recycling. Britain was particularly vulnerable as an island nation, relying solely on shipping to bring imports into the country. Collecting existing metals, paper, rubber and rags at home was considered a patriotic duty. And it wasn’t just waste that was salvaged; fully functional items such as garden railings and aluminium saucepans were readily donated for melting down to assist the war effort. Household plastic items were not yet widespread; it would be decades before local recycling drives included plastics. 

A couple of weeks after arriving in London, George organised a meeting to establish the Association of Polish Engineers. He worked with colleagues designing gliders and other aircraft equipment to help underground organi­sations in occupied Europe. At New Year, he moved to Gloucester to work at an aircraft factory; at first, he was given little more to do than sweep the workshop floor, 
but he soon proved himself to his British colleagues, and began work in the design office, working on bombers and fighter jets.

Local teachers organised English language courses for Polish airmen stationed in the area. George took a shine to the daughter of the house where the lessons took place; she was a bluestocking bookworm called Frances Treasure who, two years later, became George’s wife. In 1943 they moved back to London and started a family.

When the war finally ended in 1945, so too did George’s aeronautical designing work. Having always intended to return to Poland after the war, the Yalta agreement that ceded Poland and eastern Europe to the influence of the Soviet Union made this a hazardous option for many displaced Poles. So, resident in a relatively strange new country, George had a business idea that involved a relatively strange new material – plastic. 

With his friend and colleague Romek Michalkiewicz, George started a small business forming household objects out of plastic sheets; soapboxes, toothbrush cases, combs and the like. The pair didn’t really know anything about plastic, but George believed in it. He would be met with eye-rolls by the family every time he enthused to them about how plastic was definitely going to be the next big thing. 

But he was right. While some plastics like Bakelite had been around for decades, the 1930s and 1940s saw a surge in plastics research and production, as a result of the search for alternatives to natural materials whose supply was disrupted by the war. This was certainly the case for nylon, which was developed in the United States after silk supplies from Japan came to an abrupt halt. Polystyrene, polyethylene and neoprene were also products of this period.

These new materials were strong and lightweight, cheap and abundant, tough, mouldable, colourful and waterproof; a combination of material properties previously believed impossible. Plastic made household goods more affordable, and helped get Britain back on its feet in the austere post-war economy. During the war it had even been considered patriotic to support the plastics industry by wearing plastic jewellery, rather than taking more precious materials like metals away from the war effort.

To fill in the gaps in their knowledge, George and Romek employed a foreman called Harry Stewart, who knew a thing or two about plastics. Harry was only with them for a number of weeks, but they decided to name the company Stewart Plastics Ltd, since they felt that Michalkiewicz-Płoszajski3
 Plastics might prove too much of a mouthful for post-war Britain.

The business boomed. They moved it to Croydon and employed a dozen people. George and Romek weren’t alone in recognising the value of plastic. Throughout the 1940s and 1950s, the material landscape underwent a seismic shift towards plastic, a change that was noticed throughout society. One of the forerunners in this change, and a key material for Stewart Plastics, was polyethylene, a polymer giant that would soon rise to become the most common synthetic plastic on the planet.

*

I wanted to get my hands on the materials that George was working with to understand them – and perhaps him – better. Polyethylene, the celebrated king of thermoplastics, seemed like a good place to start.
 
To seek answers, I cycle to the studio of James Shaw, a designer based in southeast London whose whole artistic practice is fuelled by the modern abundance of polyethylene. I enter the housing estate with apprehension, searching for the address and hurrying to be on time, but breathe a sigh of relief when I see the bright blue plastic sign above a door, drawn as if squeezed out of a piping bag on top of a birthday cake.

James emerges as I’m chaining my bike to the railings outside, and I suddenly feel far too hot in my winter raincoat. Welcoming me through the glass door, I’m met by several other artists who share the brightly lit space. There are posters and prints covering the walls, intriguing abstract objects piled up on the workbenches that line the perimeter, and young, trendy-looking people working behind illuminated Mac screens. 

I find a space to nestle my rucksack and pile of waterproofs on the dusty concrete floor, which I hope will be out of the way against some wooden pallets stacked up by the door. I feel self-conscious and out of my element as James apologises for the mess. As I look around, various objects leap out at me, which I already recognise as James’s; door handles of cupboards are made from the same slug-like plastic blobs as the sign outside, as is the handle on the teapot lid, this time coloured in pastel greens and pinks. Squeezing past a large glass-topped table in the centre of the studio, I do a double-take. Its legs are made up of blue plastic slugs, too, flopped over one another and frozen into a monstrous plastic slug orgy. 

We head up some steep wooden stairs with a pot of smoky tea, and brush wood-shavings from two chairs in the small workshop, surrounded by lathes, drills and vices, to talk about plastic. James works with high density polyethylene – or HDPE for short. Unlike some polymers, whose long chain-like molecules have large, complicated side-molecules poking out like twigs on a tree branch, the molecules in HDPE are linear and simple. Because of this, the chains can pack tightly together, and can coil themselves up in a zig-zag pattern to make organised crystalline regions. As we saw in the previous chapter, ice molecules arrange themselves into a precise, orderly configuration called a crystal structure when frozen. The crystals made by the linear HDPE polymer molecules are just as organised. Around 60% of the volume of HDPE is made up of these crystals, the remainder being amorphous, with the long molecular chains jumbled up chaotically like cooked spaghetti. The crystalline regions make HDPE strong, tough, chemically resistant, and able to withstand higher temperatures than other polymers; the amorphous bits make it flexible – a combination of properties that has made this material indispensable. 

This is what fascinates James about plasticity. Not as a materials property,4
 but more the concept of plasticity – the plasticyness of plastic. ‘Plastic is a material with no personality in popular consciousness,’ he says, picking up the half-empty bottle of milk, and sloshing some into his tea. ‘Plastic doesn’t have a beautiful grain like a piece of wood. It’s too perfect.’ I wonder if George would have agreed. 

It all started for James about six years ago, when a recycling company gave him a load of the stuff for free. He’s now given it by the ton. ‘It’s not even worth them having a conversation about any smaller quantities than a ton,’ he says, scratching his head. This is plastic waste. Most of it comes from packaging like milk bottles, and James gets it for free because it’s contaminated in some way, either with foreign materials like tiny stones, or with green and blue pigments from milk bottle tops. This makes the whole ton of material so valueless to the company that they’re giving it away for free. The economics of this sort of second-hand plastic lies on a knife-edge, dictated by the price of oil. When oil prices go down, recycling plants making this stuff go bust, because it becomes more economical to just make new plastic from cheap oil, rather than recycle the old stuff. 

How did we get here, from wonder material to waste? Stewart Plastics and companies like them in the 1940s were set up to make simple household objects out of plastics. Low-density polyethylene came first in 1939, followed by high-density polyethylene – the stuff James now gets for free – in the 1950s. 

The amazing combination of strength, toughness, mouldability, low weight, and particularly its cheapness, saw polyethylene rise to become the most common synthetic plastic on Earth, and it came to particular prominence as packaging. As George lived out his middle-age in London’s leafy suburbs, around him polyethylene was shifting society. Fruits and vegetables came packed in shiny transparent packs, not paper bags. The milkman stopped coming to deliver glass bottles; instead breakfast tables were topped with oblong, translucent, plastic versions from the supermarket. 

While economies and populations boomed5
 so too did the consumption of materials. Post-war, the popularity of salvaging materials declined, in part because the strains on supplies were finally lifted. With the invention of more and more new plastics – PET, polyester, polycarbonate, polypropylene, expanded polystyrene – the material world began transforming into plastic; it quickly replaced glass, paper, wood and cloth in a multitude of settings. Its cheapness brought about a disposable consumer culture, with the emphasis on consume. Purchase, use, wear out, discard, replace became the accelerating rhythm of society. 

As they produced plastic objects in the late 1940s, I would suppose that George and his team would have been unconcerned about what would happen to their products 
at the end of their usable lives. This is because it wasn’t until around the 1960s that people started to become concerned about the volume of landfill that was building up. Industry and governments tactically shifted the blame to the consumer. The problem was litter, they implored, and it could be solved by people picking it up and putting it in the bin. Neil Armstrong defied this plea by leaving a nylon flag on the moon.

It wasn’t until the 1970s that the idea of household recycling was explored at a governmental level, and it took until the 1990s for this to gain enough traction to start altering the behaviour of the population. Glass, aluminium, steel, paper and plastic were collected for recycling, but for plastics, this was just a patch solution. Glass and metals can be heated up, melted down and reformed an infinite number of times without degradation of their constituent molecules. However, plastic and paper get significantly weaker each time they are recycled; the polymer molecules and paper fibres get damaged and become shorter, reducing their strength and utility. Each new incarnation of paper and plastic sees them become a lower-grade material than the last; from plastic bottles to clothing fibres to road-filler to landfill, the inevitable demise simply delayed. 

A part of this green movement, too, was that the association between fossil fuels and climate change – of which the plastic industry was a vital cog in the mechanism – was now undeniable (although many did, and still do, deny it). Summits on climate change were held in the 1980s and 1990s in an attempt to negotiate international responses to the dire warnings from scientific experts.

James shows me some examples of the increasingly unglamorous uses for these materials; onto the workbench he plonks a black, oblong post about half a metre long, made from what looks like grains of plastic melted together. ‘This is plastic timber, a low-grade material for low-grade applications like fences. Why are we using such an amazing material for such mediocre things?’ he asks, animatedly. ‘Our ancestors would have killed for this stuff!’

As an artist, James is doing what he can to divert waste material from landfill to artistic pieces by creating functional and aesthetic objects using a hand-built extruder. It’s a long contraption, about a metre and a half in all, sitting on a trolley that he proudly wheels out to show me. On the left-hand end is a motor, which turns a long screw inside a pipe. I imagine this is exactly the sort of contraption that George would have delighted in building by hand in the early days of Stewart Plastics.

With a flick of a switch, the machine grumbles into life, and James pours a jug of lentil-shaped HDPE beads into a funnel-like metal hopper that sits about halfway along, above the screw. This screw lies inside a pipe covered in an insulated heating element. Here, the beads are heated and compressed as the thread of the screw gets tighter and tighter along its length. The combination of pressure and temperature causes them to soften and melt at around 120°C.6


The stiff fluid then gets pushed against an inch-wide grid of circular holes, and oozes its way through. As the first plastic emerges, it pops and clicks from the release of trapped air bubbles. ‘Erm, you might want to stand back, just in case.’ James suggests. He had last put an aged sample of nylon through the machine, which ‘went a bit crazy.’ As the extruder gets up to temperature, the plastic is coming out lumpy, and James deftly snips it off with a pair of oversized haberdasher’s scissors. It’s a pale mint green colour, which gives a clue as to why the recycling company were giving it away for free: discoloration from green milk bottle tops. James sometimes colours the material himself by putting oil-paint pigments into the mix.

After a few minutes, the plastic emerging from the extruder is smooth and consistent. Having squeezed through the small holes, the sticky strands can’t help but be drawn back together, and gravity pulls them downwards in a perverse, faecal plop. I don a pair of thin black heatproof gloves, with slight trepidation on account of the multitude of holes in the fingertips. 

‘The plastic is around 200°C when it comes out of the extruder, but it doesn’t feel extremely hot to touch because of the material’s low thermal conductivity,’ explains James.

I grasp the slowly elongating plastic slug, and snip it off. James is right, it doesn’t feel too hot to the touch, though its warmth through the glove makes it increasingly difficult to ignore its likeness to excrement. The low thermal conductivity of polymers is due to the fact that they are made up of individual molecular chains, separated by weak bonds and small gaps. As you’ll recall from the previous chapter, the hotter the atom, the more it vibrates. Ripples of energy are transferred when hot atoms bump into their colder neighbours and warm them up by making them move. These energy ripples are called phonons. 

The strong bonds in the long polymer molecules are very well suited to supporting this energy-transfer Mexican wave. However, at some point, something in the molecular structure will go wrong, a gap between a molecule and its neighbour, for example. At this point the heat energy is unable to transfer efficiently between polymer molecules, the result of which is that little heat is transferred to my hand as I hold the hot, viscous plastic.

I curl the plastic sausage round into a spiral, trying to imagine the wonder which George must have felt the first time he handled molten plastic like this. The closest heat-mouldable material to it at the time would have been glass, which would have been far too hot to manipulate in this way by hand, as my scorch mark on the floorboards back at Chem Glassware can attest. The warm plastic ball sits comfortably in my hand, and I squidge it between my palms like a snowball. I place it on the benchtop and snip off another, enjoying the immediacy of its delivery, unlike the patience required for heating glass. I join the two ends of this second blob round into a doughnut. The plastic springs back slightly, reluctant to be forced into this new shape, instead remembering its straight extrusion.

As soon as I’ve done that, more plastic is already dangling from the nozzle, and, rather flustered by its relentless supply, I make another coiled shape. Five or six more blobs follow, and I soon feel self-conscious about how quickly I run out of artistic imagination with what to do with this material. The unfamiliarity and – as James put it – lack of material personality has left me stumped. I had hoped that my experience in glassblowing might be of help here, but the malleable plastic isn’t leading me by feeling and flow in the way that the heated glass did. I also feel rather harassed by the time-pressure of the machine; the plastic just keeps coming and coming, rather like our own plastic-driven consumer culture. I think sullenly about how George’s brilliant designer’s mind would probably have been overrun with possibilities for what to make with plastics the first time he got his hands on the stuff.

‘Don’t worry,’ James says, ‘the scraps and discards can be sent back off to be chipped up and recycled, for us to use again.’ As he switches off the machine, its whirring falls silent, and the slug grinds to a halt, dangling slackly from the extruder’s end.

While I’m cycling home, I chastise myself for not asking James if I could keep one of my little blobs and save it from the chipper. Why didn’t I? Perhaps it was the intangible closeness I felt to Grandad George whilst handling the stuff that felt of greater value than the objects themselves. Was it also maybe because I knew it could all be recycled? Because it wouldn’t cost James anything? This turned out to be a perfect analogy for humankind’s approach to plastic, too. Devoid of much cost and ignorant of its consequence, we just keep on producing.

*

The golden era of Stewart Plastics wasn’t to last. George and Romek took on a third partner, a Polish ex-fighter pilot whose father-in-law was a wealthy businessman. At first, everything ran smoothly, but in time he started interfering. Eventually, they concluded that it wasn’t working. Romek and George couldn’t buy him out, so they left with very little to show for a number of years of hard work. 

George went on to work for a firm manufacturing precision equipment for aircraft, and eventually became Chief Designer. He worked there in a happy team, and later as a consultant, for the rest of his career up until his retirement – aged almost eighty – in 1987. Throughout his working life, George saw even his beloved aircraft trans­form from aluminium to plastic; carbon-fibre reinforced plastic composites would eventually make up the bodies and wings of planes. They’ve come a long way from the wood-framed glider George and friends constructed at university, although, as we’ll see in a later chapter, wood is not as dissimilar from aerospace composites as you might think. Such composites were celebrated as miracles of materials engineering, just as the first plastics had been decades before.

By the time I was born in the early 1990s, environmental researchers had begun to notice plastic’s presence in the ocean and on beaches. They found giant ‘garbage patches’ of waste formed between swirling ocean currents. Still, the discourse was that this was litter, and the fault lay with the consumer. I can remember the prevailing mantra from my childhood – don’t be a litterbug.

By the dawn of the new millennium, George was living out his nineties in a nursing home, completely surrounded by plastics: his nylon carpet, his polyurethane pillow, his polycarbonate spectacles, his polystyrene cup, his PVC windows that framed the birds he enjoyed watching outside. He would see the news on the television in his quiet little room, and learn new words like ‘microplastics.’ It wasn’t just tiny beads in cosmetics that were leaching miniscule fragments of plastic into our sewers and waterways. Synthetic fabrics, like the polyester fleece George liked to wear to keep the drafts off, were shedding them with each wash. Scientists now knew that vulcanised rubber car tyres were rubbing them off on roads every time we came to visit.

In 2007, George died peacefully in his sleep, aged ninety-seven. In keeping with his love of two countries, he was given two funerals, one in his adopted home of London, and one in Warsaw, where we took his ashes to rest. George had lived through the most transformative century in human history. He had also witnessed the rise of the material that epitomised that lifetime, plastic. 

Soon after George’s death, another war was declared. Not by a country or government this time, but by journalists, politicians and the public; the War on Plastic. The reasons for this are numerous and understandable – the publicity surrounding vast rafts of plastic waste accumulating in the Pacific, sea turtles ingesting plastic bags, and microbeads entering the food chain all strike a populist cause. But having finally begun to understand a life shaped by conflict, I now can’t help but feel uneasy about this war rhetoric. Real wars are catastrophic. Real wars see friends and family murdered. Real wars disperse refugees across the globe, forcing them to flee across those plastic-filled seas. I can’t see that the comparison is proportional or rational.

An uncomfortable truth is that plastic is currently indispensable to this modern world that we have built for ourselves. Plastic packaging makes food and medicines more available and affordable to all: reducing food waste, protecting out-of-season fruit, keeping medical supplies sterile. Since plastic is so cheap and, in most instances, profit is paramount, most of the time economics wins out in the game of materials selection. This isn’t necessarily a bad thing – keeping costs down benefits everyone, doesn’t it? At least, it does financially. 

Through learning about the history of plastic, I’ve come to realise that the environmental implications of a material world built from plastic are complex. Despite being derived from fossil fuels, the reduction in food waste enabled by plastic packaging prevents a significant amount of methane – a greenhouse gas more than 100 times more potent than carbon dioxide7
 – from heating up the planet. The weight savings of our carbon-fibre reinforced plastic composite aircraft and transport systems dramatically reduce greenhouse gas emissions from fuel, compared to alternative, heavier materials.

With all the heft of modern materials science 
research behind us, I am keenly awaiting solutions to plastic’s major drawbacks; its fossil-fuel foundation and 
its landfill longevity. A century on from Leo Baekeland’s first synthetic plastic, plastics made from vegetable starch, cellulose, fermented sugars, natural oils and vegetable proteins have all been successfully produced, though they still only occupy around 1% of the global plastics market. The cheapness and abundance of oil seems a likely explanation.

The chemical processes that turn such matter into plastics often render the result non-biodegradable. However, I don’t believe that biodegradation is necessarily a desirable route for getting rid of our plastic waste. The process involves microorganisms dismantling the molecular structure of polymers, either by breaking the chains apart from one another, or by snipping them into shorter molecules. In both cases, the polymer molecules remain, just in flimsier flakes of plastic material, or sometimes even a liquid. Microplastics and liquids find it even easier to end up in waterways and food chains to wreak their wicked havoc. If we are to rely on biology to break down our materials, it would be far safer to have it done in controlled industrial biological treatment works than to let the environment take care of it. Such facilities are multiplying, though the limited rollout of plastics suitable for disposal in this way and systems for collection see this technology in a frustrating dance of chicken and egg.

Aside from all this, I suspect that if Grandad George were alive today, a lifelong career as a designer might give him the view that the discussion should be much wider. Visit many landfill sites today, and you won’t just see plastic. We also throw away all of the other materials with which we’ve built the modern world: metals, ceramics, composites, paper, glass, electronics, food, fabrics … it’s just that iPhones and golf clubs and teapots don’t float. The vast majority of our possessions sit on a conveyor belt from ground to factory to home to bin and back to ground. Rather than changing the materials, perhaps we should be designing products to extend the lifetime of the materials in our care; reuse, refurbish, and refuse planned obsolescence. We should value the simplicity of good design, not the status of latest models.

I keep thinking back to something James said: our ancestors would have killed for this stuff. My ancestor didn’t kill for plastic – he lived by it. It may have saved his life on a ship of unknown destination, and it allowed him to settle and thrive in an unfamiliar country into which he had arrived with nothing. As someone who survived two world wars, I wonder what Grandad George would have made of our modern war on plastic. Ever the entrepreneur, I have a feeling he would have come up with something great.

*

Just two materials down on my handmade quest, and I already feel as though I’ve learnt a lot about the nature of glass and plastic, although I don’t seem to have much to show for it yet. James said that it was the distinct lack of material personality in public consciousness that has seen plastic so devalued. Even though the process of softening both plastic and glass with heat and shaping them by hand were similar, the lack of material personality of plastic was enough to leave me artistically stumped. Is the neutrality of plastic, though, not a characteristic of sorts? 

This makes me wonder whether I was wrong back then, on that first day in the Institute of Making, when I suggested that making processes were the magic that gives materials their personality. Perhaps all materials embody inherent characters, some more strongly than others, gifted by a combination of how they look, feel, smell, sound and move. It might be that the skill of the craftsperson is to notice and tap into these inherent material personalities, to make the best of them when they transform materials into objects. 

Next, I investigate a true behemoth of the material world, one whose strong personality I hope will give me a clue as to whether its character comes from nature or nurture.

Notes

1 Britain and many other countries sent troops to fight against the Bolsheviks throughout Siberia during the Civil War.

2 Charles Goodyear, an American self-taught chemist, commercialised vulcanisation in 1839, although Mesoamericans had used a similar stabilising process using the sulphur-containing juice from the morning glory plant from around 1600 bc.

3 Not only is Ploszajski worth 297 Scrabble points across two adjacent triple word scores, but it should have an accent mark through the ‘l,’ too. Because English Scrabble doesn’t make tiles like that, George anglicised the ł to an l at the same time as changing his first name from Jerzy to George in his new adopted country. In addition to this, the suffix of my aunts’ maiden names was the traditional -ska, rather than the masculine -ski, though my generation have gone with -ski for all, for simplicity’s sake. The result is that not only do I frequently have to explain my Polish surname to Brits, but I also have to explain it to the occasional Polish person who thinks I’ve spelled it wrong twice.

4 This is what gave plastic the name ‘plastic’ – plasticity is the ability of a material to be re-shaped.

5 In no small part due to George and Frances, who by the 1960s had five children.

6 As a material containing both amorphous and crystalline fractions, this HDPE has a separate glass transition temperature for the amorphous part and a melting temperature for the crystalline part. Its glass transition temperature is irrelevant here, though, because it’s -120°C.

7 Over a twenty-year timeframe.
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Steel

It was the summer of 2011 and I was being driven through the Nevada desert by a fifty-year-old French lorry driver called Lupo. The air temperature was in the forties, and our air-con was continually threatening to give up the ghost. No matter, though, since the silence between Lupo and me was frosty enough to keep us both cool. For two days I saw nothing but orange rocks, cacti and both literal and metaphorical tumbleweed.


Drove past Las Vegas – I wrote in my travel journal that first night – looked v silly. Definitely one to come back to!

As we eventually approached our destination, the road went from being a normal tarmacked dual carriageway to a bumpy, brown-dirt track. And then it just faded out completely until we found ourselves hurtling through a vast expanse of, well, nothingness. 

The ground was completely white, severed abruptly by the horizon from the cloudless blue sky; the only sounds were the swoosh of our vehicle’s tyres and its wheezing air-conditioning unit. Still, we drove on, without perspective or reference point, as if over the edge of the Earth. 

A dark pinprick in the distance interrupted the dazzling whiteness. It gradually grew until I could pick out some detail; it looked like a village but instead of houses there were oblong trucks and gazebos, and instead of streets there was row upon row of cars whose shiny bonnets were each a miniature sun. Unfamiliar flags flapped in the hot wind. As we slowed to enter this strange new town, we passed its otherworldly residents; uniformed in tattoos, cowboy hats and denim shorts, they grinned at us as we passed, raising grease-stained hands in greeting.

This is what it’s like to arrive at the Bonneville Salt Flats International Speedway. Set on retina-searing white salt flats on the border of Utah and Nevada in the American Southwest, this temporary town materialises each year out of the dried-out lakebed for Bonneville Speed Week – a celebration of cars, motorbikes and going very, very fast. It was here that I would get my first impression of a true titan of the material world, steel. 

I was at the salt flats as part of a team attempting to break a land-speed record. Not the land-speed record; there are many different records set at Bonneville, each pertaining to type of vehicle and size of engine. Our team’s vehicle was in the 1-litre streamliner category. Streamliner cars are long and thin to minimise air resistance – the driver must lie down in them horizontally – and a 1-litre engine is small; my first car was a second-hand, bright blue 2002 Fiat Punto, which had a bigger engine at 1.2 litres but whose revs screamed in protest at anything above 60 miles per hour. The record we were trying to beat was 313 miles per hour. And we had just seven days to do it in.


Seems like a lot of hard work out here, I wrote in my travel journal that evening, but the team are a lot of fun. 

Looking back, this cheerful entry is coded with the real concern that was weighing on my mind that night. Not the hard work or tough engineering challenge that lay ahead, but the fact that at the time I was twenty years old, with long blonde hair, vegetarian, and studying for a degree in materials science at Oxford University. Everyone else on the engineering team was a middle-aged Glaswegian car mechanic. 

I was there because Rick – the owner and driver of the car – had offered the opportunity as a prize to a student from his alma mater. I’d never lifted a spanner in my life, so what did I think I could possibly contribute? A detailed diagram drawn from memory was unlikely to be much assistance when a wheel needed changing. I was no stranger to male-dominated environments – I was a brass player and science student after all – but would I be able to fit in with this macho motley crew? The creeping feeling of imposter syndrome niggled at me that night as I lay on my bunk in our shared trailer, my earplugs failing to block out cacophonous snoring. The team are a lot of fun, but could I make the team?

The first few days were plagued with engine problems: the wrong fuel in the tank, the wrong plug in the wrong socket, and an electrical failure that meant the car didn’t have any brakes whilst travelling at nearly 200 miles 
per hour. 


Not a good start. Feeling like a bit of a spare part already – spent most of today watching the others fix things. They’re nice guys, I just wish I could actually contribute something.

On day three, during a pass at the record, Rick the driver switched from first gear to second. From second to third. From third up to fourth. The car was running beautifully and then – bang. 

BANG BANG BANG BANG BANG BANG BANG BANG BANG BANG BANG!

The car came back to the pits and the team opened up the engine. Out poured a waterfall of glittery black engine oil onto the white, crystalline ground, glitter which, ten minutes ago, had comprised the solid cogs inside the car’s gearbox. This was not good, as I later report:


The boys took the engine apart and found shards of gear cogs inside. I got to use my materials science to try and work out what had happened! Was all v exciting. And relevant.

Out of the debris I picked out two little oblong teeth, which must have broken off one of the gear cogs. I turned them over in my hand, smearing the oil off with my greasy thumbs. They felt unusually heavy for their small size, and I deduced from their dull grey colour that they were made of steel. The fracture surface of one of them – the broken-off surface that had become freshly exposed – was dull, mottled and rough. I knew from last year’s lectures that this showed evidence of ductile fracture. Given enough force, ductile materials – even metals – will stretch, deform and tear apart to leave a jagged fracture surface. A good analogy is the way that Snickers bars break apart by hand; the solid interior of the bar bends and flows slightly as you break it, leaving a rough surface behind. 

Then I noticed something inexplicable. The fracture surface on the other little steel tooth was completely different; it was flat and shiny like a mirror. This looked to me like brittle fracture, where the material snaps clean and leaves a smooth fracture surface behind. Imagine snapping off a square of dark chocolate; that’s brittle fracture.

I couldn’t believe what I was seeing, and worried that maybe the sun had gone to my head. These were two pieces of exactly the same material – they could even have broken off the same component of the gearbox – so I would have expected them to have broken off in the same way. What had happened in there to make a Snickers-like piece of steel snap like dark chocolate? 

One option was temperature. Many materials, including steel, are ductile when warm, but turn brittle when cold. Put a Snickers bar in the freezer and it’s far more likely to snap stiffly apart than to bend like before. But that couldn’t have been the case here, because it was impossible that one area of the component would have been hundreds of degrees colder than another. 

Instead, what if the secret of the cog teeth was the speed at which they broke off? If you break steel – or Snickers – slowly, it breaks off with ductile fracture. But if you break it very quickly – give that Snickers a karate chop off the side of a table – then the material doesn’t have time to bend and flow, so all it can do is snap, like a square of dark chocolate. 

This seems like a bit of a design flaw for gearboxes, I thought to myself. How could these teeth have broken off at all? On closer inspection, I could see that the steel on the outside edges was black, whereas the material elsewhere was silvery grey. This gave me a clue.

Steel is an alloy, meaning a metal made from two or more elements. It’s mostly iron, with a small amount of carbon added – about 2% or less – and sometimes other elements too, chromium and nickel, for example, to make steel stainless.1
 

Unlike glass, whose molecules sit in an unstructured, amorphous network, in metals – be they made of atoms belonging to only one element or a mixture of elements in an alloy – the atoms usually exist in crystals. If you remember from our discussion of ice, this means that they pack together in a very orderly structure, a 3D lattice-like network, with regular spacing between the rows and columns of atoms. This precise formation is called a crystal structure. In steel, the iron atoms exist in a neat crystal structure, and the carbon atoms – much smaller than those of iron – are able to squeeze in between them, to sit in the gaps.

Steel is naturally a strong and hard material, but in components like this gearbox, the steel would need to be made even harder to resist the thousands upon thousands of collisions and abrasions against neighbouring cogs as the gears mediate the engine’s force on the wheels. One way to harden steel is in a process called case-hardening. Here, the steel component is heated in the presence of carbon and nitrogen, and these gases diffuse into the steel to add to the carbon atoms already sitting in between the iron in their ordered crystal structure. This puts the structure under an uncomfortable stress, like three people trying to sit on two chairs. It now becomes more difficult for the atoms in the steel to move – in other words, the material becomes harder. 

How? Soft metals like pure gold or lead can bend and be deformed out of shape because it’s easy for their atoms to move and rearrange themselves inside. The main way in which they do this is by so-called dislocations in the material. Dislocations are mistakes in the way that atoms stack in the tidy crystal structure. This sounds bad, but they are actually incredibly useful for metalworkers. 

These mistakes can travel through the crystal structure by breaking and re-forming the bonds between the atoms, effectively shifting each atom along by one position in the lattice. They tear through the crystal at the speed of sound, like cars racing through a grid of city streets. Although each individual dislocation only changes the shape of the object by the distance of one atomic spacing, millions of them all shifting atoms multiplies this effect to a measurable shape-change, like a dent or a bend in a piece of soft metal. 

Returning to the idea of case-hardening, the stress caused to the crystal structure by the presence of carbon and nitrogen atoms causes dislocations trying to travel past them to become snagged, slowing down their progress, like traffic lights in our imagined atomic city. The more difficult it is for dislocations to move, the harder the 
material becomes.

One of the unwanted side-effects of introducing more carbon into the steel, though, is that over time at high temperatures, those carbon atoms might start diffusing through the structure to find each other, and clump themselves together. They are more comfortable being sat next to each other because they’re a better fit than they are with atoms of iron. This reduces the overall stress in the lattice.

Stay with me, we’re about to get to the mystery’s resolution. When the material is under a lot of stress (as it would be when a vehicle is travelling at 200 miles per hour) those clumps of carbon can concentrate the stress. These are perfect conditions for the beginnings of a crack to form. Once this happens inside a piece of steel, it’s only a matter of time before the crack grows, ripping the component apart. 

What I think happened inside this gearbox was that the first tooth came off in this way – more slowly with ductile fracture – thanks to the cracks forming next to the high carbon areas, and then it slammed around inside the gearbox and smashed into the second tooth. The impact here would have been so great and so fast that the second tooth would have been forced off with such speed that it could do nothing but snap off with brittle fracture.

It all made sense, but, as I stood there mulling it over with the steel teeth in my hand, I was faced with a choice. Should I share my theory with the rest of the team? Would they think I was just a snobbish little girl lecturing to them about what I’d learnt at university? What use would my input be, anyway, since the gearbox was clearly beyond repair? The steel inside its replacement wouldn’t be any different. 

My self-confidence betrayed me, and I decided to keep quiet, slipping the oily steel gear cog teeth into the pocket of my shorts, a material curiosity to be shared later with a safer crowd. 

That afternoon the team replaced the broken gearbox, but on the next attempt at the record, the car’s chain failed. By this point, morale was at an all-time low. 


Everyone’s pretty bummed out, I think. Spent the rest of the afternoon sunbathing and chatting to Rick as couldn’t do much to help.

For the next three days, we encountered engine problem after engine problem. It seemed that we were pushing these components beyond their physical limits, but only just. Could we outsmart engineering enough to scrape a record? I stood by as I watched the others replace part after part on the engine. They were cordial with me, but by this late stage of the week I felt they had sussed that I wasn’t going to be much of an asset to the group. It was too late to ask if I could get more involved.

On day seven, the final day of racing, we decided to throw all that we had at one last record attempt. By now many of the car’s components were either a back-up or borrowed from another team. But on this last attempt nothing broke, and late in the afternoon the car got up to 270 miles per hour. 

You could say we failed. We certainly failed to beat the 313 miles per hour record (which, by the way, at the time of writing still stands, I believe). But I left the salt flats with a gnawing feeling that I’d failed as a team member, too. The camaraderie of the Glaswegian mechanics felt impenetrable to me, and I’m sure that to them I seemed aloof. 

That night a lightning storm swept across the salt lake and we had to take cover from where we sat drinking beers in the hot open air. I retired early to pack, taking care to zip my little steel mementoes somewhere safe. 

*

Years later, I found myself working in a science laboratory. On that particular day, I was replacing some of my old copper gas-rigging with stainless steel tubing for a high-pressure gas experiment. The radio was on in the background, but my ears pricked up when I overheard the presenter mention steel. Twiddling the volume knob, I heard that a new statue was being unveiled in Sheffield called Women of Steel. The programme featured two nonagenarians being interviewed about working in steel factories during the Second World War. 

It turned out that hundreds of women worked making tools and munitions in the steelworks of Sheffield when the men were called away to fight during both world wars. Despite this vital contribution, the women’s pay was only a fraction of the men’s, and afterwards, when the men returned, most of the women were fired, their expertise no longer called for. For decades, the sacrifices, personal risk and dedication of these women had gone largely unacknowledged, until a local journalist, Nancy Fielder, deci­ded that the women ought to be publicly commemorated. Sheffield City Council commissioned sculptor Martin Jennings to produce a statue in honour of these Women of Steel. 

I stood gobsmacked, forgetting all about my experiment, stunned to learn of women’s role in the history of British steel. It cast the metal in a completely new light; my first hands-on impression of steel on the salt flats of Utah had felt intimidatingly macho. This is certainly the prevailing personality of steel in popular consciousness. Had I got it all wrong? Were the seemingly inherent characteristics of materials open to interpretation? I decided to pursue this question of nature or nurture, and investigate this unseen feminine side of steel.

*

My first stop is to pay a visit to artist-blacksmith – and modern-day Woman of Steel – Agnes Jones. I meet Agnes on a mild and cloudy morning at her studio in south Glasgow. Located in a nondescript residential street, the studio houses a collective of female artists working with a range of materials. The whitewashed interior is variously filled with bright hand-painted signs, a large collection of whittled wooden spoons and a wall of shelves covered in minimalistic earthenware pots.

‘I love working here,’ Agnes says. ‘We’re all obsessed by tools, and things to make things with. It’s great to be able to collaborate with each other – I often make tools for my ceramicist friends. It’s just so nice to help each other to do our careers.’ 

In the yard at the back of the building is a smart grey metal shed, containing a small metal box open on one side – this is the forge – along with a cluttered tool bench and a large anvil. Against the shed lean some examples of Agnes’s work, a crescent-shaped piece to go above a gate, and two life-sized sculptural figures that line the doorway. Both are made from thin, dark grey steel bars which are bent, curved and welded together into stunningly intricate sweeping shapes. 

‘Some people draw with pencils,’ she muses. ‘I draw with steel.’ 

Steel hasn’t always been available as an artistic drawing material; in fact its principle component, iron, used to be rarer than gold. Tied up inside rocks called ores, the only metallic iron available to our pre-Iron Age ancestors was that which had dropped from the sky as meteorites, and most of that was an alloy mixture of iron with nickel.

The random nature of meteorites meant that access to such iron sources was rare. One lucky population lived in the Innaanganeq region of northwest Greenland in the middle of the 8th century. These Inuit happened to settle in a place where – around 9,000 years previously – an enormous meteorite had fallen to Earth from space. It fractured into a number of pieces as it seared through the atmosphere, and landed scattered on the ice sheet.

The Inuit worked the metal cold, fracturing fragments from the scattered meteorite chunks using basalt stone hammers, and beating this strange material flat with brute force. It’s an impressive feat with just stone tools, and – following sharpening and more cold-working – the Inuit were able to produce strong, hard but brittle blades for tools and weaponry.

By the 12th century, the Inuit had established trade links with this precious technology. Thanks to the unmistakeable chemical signature of meteoric iron, modern archaeologists have been able to trace these trade routes from discoveries of blades matching the distinctive extra-terrestrial chemical fingerprint.

For the rest of the world not fortunate enough to have ready access to metallic meteorites, removing iron from the ores of the Earth’s crust needed heat and chemistry. While we had already mastered this for copper and tin during the Bronze Age (3300 BC – 600 bc, depending on the region), iron proved a more difficult nut to crack. In order to extract the metal, its ores must be heated to much higher temperatures than those of copper or tin, and this required the development of new furnaces to generate heat of sufficient ferocity. Widespread iron-working is thought to have happened first in the Middle East in around 1200 bc, and then spread – or developed independently, it’s still not clear – in Europe, India and Africa. 

Most of these iron-smelting furnaces achieved these far higher temperatures by way of hand-operated bellows forcing air through piles of iron ore and burning charcoal in a furnace. However, in Iron Age Sri Lanka the strong monsoon winds that battered the south of the island during the summer months provided a natural way to supply more oxygen to west-facing hill-top furnaces and drive the temperatures up. Their ingenious design didn’t so much rely on the winds blowing directly into the furnace, but instead utilised some advanced principles of fluid dynamics; air flow over the top of the furnace formed a low-pressure air bubble there, which caused air to be sucked through small openings at the bottom of the furnace and flow upwards. This ferocious air current pulled oxygen through the burning layers of charcoal and ore, and modern reconstructions show that such a furnace would have been capable of producing high-quality steel.

Charcoal in these furnaces produced carbon monoxide gas, which reacted with the iron oxide in the ore to yield iron metal. The temperature inside the furnace wasn’t quite hot enough to melt the metal, so instead it collected at the bottom of the furnace in a spongy solid called a bloom (the furnaces became known as bloomeries). It took a lot of elbow-grease for metalworkers to beat this bloom and remove molten impurities from the rock. The finished product was called wrought iron.

This wrought iron could be heated until it was hot enough to be worked by blacksmiths. From the Iron Age right up to the Industrial Revolution, blacksmiths were a vital feature of every town and village. Their role was hugely varied, with their workshops providing all sorts of services, from repairing household objects to making tools, agricultural equipment and weapons. While the profession was undoubtedly male-dominated, in Europe, the blacksmithing guilds of the 14th century accepted that the widows or daughters of deceased craftsmen could take over the family business. 

As industrialisation ensued, blacksmiths – of all 
genders – became increasingly obsolete, replaced by machines and factories. Some specialised as farriers, making shoes for horses, but when horses began to be replaced by automobiles they needed another change of tack. This time many blacksmiths embraced the technological challenge of being automobile mechanics; they would go on to push steel to its limits, like the land-speed racing team. Today, most professional blacksmithing is in the artistic realm, or in specialist repair and re-enactment. 

Back in Agnes’s yard, rusty steel bars about two metres long – our raw materials – are stacked up on brackets attached to the yard’s crumbly red-brick back wall. This is a type of steel called weathering steel, or ‘corten’ steel – it’s designed to corrode on the outside so that it becomes an attractive rusty colour. This rustic finish makes it popular in the artistic blacksmithing community, as well as in sculpture and architecture. Unlike other iron-based alloys, though, the special formulation of weathering steel means that its rust doesn’t penetrate beneath the surface to spread and consume the material; the rusty layer instead protects the rest of the steel from the elements.

There’s a limited range of objects available for the complete beginner blacksmith to make. So in order to try my hand at a variety of blacksmithing techniques, I decide to make a fire poker out of a standard steel. I know I’m in for a fun morning when Agnes starts off by asking me ‘How are you at using an angle grinder?’

I’ve never used an angle grinder. Nor – to be completely honest – am I entirely sure what one is. Agnes produces an electric power tool with a circular spinning cutting disk about the size of a CD, and shows me how to use it to cut a section from one of the long steel bars. As I bring the spinning disk onto the metal, bright yellow sparks fly towards my legs and boots. I pause, thinking that maybe the trousers of my overalls are about to burst into flames, but Agnes doesn’t seem to be concerned, so I keep on cutting. It takes very little pressure for the blade to slice through the steel, and in a matter of seconds the section that will become my poker clangs onto the concrete yard. 

When it comes to tools, probably the most important property is hardness. Consider a game of Rock, Paper, Scissors. The rock blunts the scissors because rock is harder than steel. Whether we’re talking about hammering, drilling or cutting, one must always choose a tool that is harder than the material which one’s trying to hammer, drill or cut. 

Adding tungsten to steel makes the alloy even better for tools. The tungsten reacts with the carbon in the steel to make very hard areas of tungsten carbides, which have an extremely high melting temperature. These make the steel harder, and excellent at withstanding the heat generated by friction when tools drill, cut or abrade. Today, cutting tools can be made even harder with the addition of miniscule diamonds – the hardest material of all. 

After cutting off the length of steel bar (and a second 
one for Agnes to demonstrate with), it’s time to light the forge. The gas forge is made up of a large blowtorch connected to a propane canister, which blows into a ceramic-lined metal box. ‘I made it myself,’ Agnes casually admits. She lights the torch and places our bars directly into the path of the flame. It roars much more fiercely than the delicate torch I used in the glassblowing hayloft, and soon the steel bars are glowing orange. 

‘Blacksmiths know the temperature of their metal by its colour,’ says Agnes. ‘As it gets up to 1,000°C, steel begins to turn from red to orange, and at 1,300°C from yellow to white. We keep our workshops dark so that we can see the temperature of our steels.’

Steel glows different colours due to an effect called incandescence, a term familiar to many meaning ‘those old lightbulbs,’ which worked in the same way. As we established in our investigation of glass, the atoms in materials are vibrating all the time. What we didn’t discuss earlier was the fact that as they vibrate with the heat of the universe, they give out electromagnetic radiation. Electromagnetic radiation can have different energies, which range from low energy (radio waves), through the visible spectrum (the light which our eyes and brains interpret as different colours), to high energy (X-rays and gamma rays). Normally we can’t see the light given out by a cold piece of steel because it’s in the infrared part of the spectrum.2


Giving more energy to the atoms in the form of heat causes them to vibrate more, and give off electromagnetic radiation with more energy. At around 500°C, this energy is suffienough to begin to enter into the visible part of the spectrum, and we see objects above this temperature glow dark red. Adding even more energy to the atoms results in higher frequencies, making colours like orange, yellow, white and eventually blue. 

Once Agnes decides that our would-be pokers are up to temperature, with a leather glove on one hand and a hammer in the other, she removes hers from the forge, places it on the flat top of the anvil, and slams down her hammer onto the orange glowing end. Thin, silvery flakes crack off the surface of the orange bar and collect on the anvil. These are hammerscale, a result of the hot steel bar reacting with the oxygen in the air to create thin oxide layers, which crumble off with a big hit of the hammer.

With her feet placed wide, she hits it again, with impressive force. A couple of blows sees the metal get thinner, and she then turns the bar by ninety degrees and repeats, until the end of the bar has faded from orange to red to black and tapered down thinner and longer in shape. Then it goes back in the forge for reheating and it’s my turn.

As a strong swimmer, I like to think of myself as someone with relatively impressive upper-body strength. But as I step up and begin to hammer my bar, I’m embarrassed to find that I’m not able to make anywhere near as large an impact with the hammer as Agnes did. Agnes is a slim person, but the heft she brought to it was quite incredible.

‘It’s all technique. Don’t hit from your wrist, try hitting from your elbow or shoulder,’ she says, meanwhile handing me an upsettingly smaller hammer. After about thirty seconds of hitting my bar, it has faded from bright orange, to red, to dark grey, and not really changed shape very much. It’s immediately obvious that reshaping steel takes significantly more force – and indeed technique – than the hand-shaping processes of glass and plastic.

A bucket of water sits next to the forge, into which we plunge the opposite end of the bar each time it comes out, to make sure it’s cool enough to be held in a gloved hand – around 100°C – which it does with a satisfying sizzle. In metallurgy-speak, this is called quenching – it’s the prevailing image that comes to mind when most people think of blacksmiths, apart from hammering hot metal in the dark. And the purpose of quenching extends beyond making the steel cool enough to hold. This simple act transforms the material from being soft and malleable to being hard and brittle. 

Despite dipping the end of my steel bar into the water, it still feels quite hot through the thick leather glove, thanks to metal’s astounding ability to conduct heat. ‘If it gets too hot to hold, just drop it,’ says Agnes. I do, on several occasions. 

Unlike plastics, metals are excellent conductors of heat, as I experienced with the cool handle of the microphone on that night of my first stand-up performance. As we learnt in the glass chapter, atoms in hot materials vibrate more than when they are cold. The atoms in metals are more closely packed together than in plastic or glass and so it’s easier for them to transfer their energy of vibration – in other words heat – to their neighbours, and then on to their neighbours, and so on.

As well as this, the electrons in metals are not bound to atoms, but exist in a so-called ‘delocalised electron sea.’ This means that the electrons are free to slosh around – materials with such uninhibited electrons can therefore conduct electricity – and these free-flowing electrons can also carry the energy of heat. In these ways, thermal energy gets passed down the material quickly and efficiently; the effect is that my glove starts to get very warm after about thirty seconds of holding the quenched end of the bar and hammering the hot end. 

We alternately hammer our bars, although Agnes’s is drawn down much faster than mine is. As I’m hammering, it’s obvious that the metal is softest when it’s hottest and straight out of the forge. It cools and quickly becomes more and more difficult to make a dent.

I soon get blisters on the first and middle fingers of my hammering hand and have to ask Agnes for some plasters of shame. Eventually, I work out various tricks, like letting the hammer bounce back up off the bar, rather than trying to lift it up too quickly, and to use its natural weight to help with the downwards blow. 

Once the bars are drawn down into a sufficiently thin taper, it’s time to shape them. We heat them one more time in the forge and then create a question-mark-shaped curve at the end. This is achieved by wedging the bar between ‘the dogs’ – two small steel bars held firmly in a clamp – and simply pulling the cooler end of the bar around to create an attractive handle. The softened hot metal does this readily, and I feel like a superhero to be able to bend steel with such ease, compared to all the laborious hammering from earlier.

Next, we heat the middle of the bar and create a decorative twist by gripping the straight end in the vice, and twisting using a metal bar through the handle as a lever. As I crank the lever round, it’s very difficult not to bend the whole bar upwards and out of its axis, but it’s amazing how evenly-spaced the twists are, and how possible it is to dramatically reshape steel barehanded. 

The final stage is to repeat the original drawing down process with the other end, which will become the poking bit. By this point, my jellylike forearm is aching from the overuse of unfamiliar muscles, my blisters are stinging, and sweat has collected around the rubbery seal on my safety goggles. My hair – now cropped much shorter than it was on the salt flats – sticks to my brow.

But it’s all worth it when my little poker is complete and I’m collapsed victorious on the yard bench back in the fresh air, massaging my aching right forearm. We take a break to wait for the pokers to cool down and I ask Agnes what it’s like being a woman of steel.
 
‘Oh, it’s absolutely brilliant!’ she replies. ‘The blacksmiths that I’ve met have been incredibly welcoming and there are tons of other female blacksmiths out there too.’

‘The times that it’s been hardest, I think, are in hardware shops. Often you go in and they won’t believe that you know what you’re talking about. That’s really frustrating. I usually make sure to go there in my boiler suit because I know that I’ll not command respect if I show up in a dress. There are times when you go into big metal workshops and there’ll be calendars of naked ladies on the wall, but you just have to get on with your job.’

I suppose I had been expecting an answer along these lines. If I’m honest it was the assumption of this kind of working atmosphere which made me wary of getting too close to the land-speed engineering team. Still, I feel disappointed that the legacy of the Sheffield women of steel didn’t have a longer-lasting effect on the culture of steelcraft. At least Agnes’s work using a thin line of steel to – as she describes it – draw with this material does seem to challenge the notion that steel’s material personality can’t see it used for anything other than hardcore engineering. 

*

The blisters, sweat and force involved in shaping 
orange-hot steel has demonstrated some key shortcomings of blacksmithing, which is that any objects produced by blacksmiths must be limited in size to fit inside a forge, 
and limited in shape to being narrow enough to respond 
to the blow of a hammer. Historically, to advance metal­working further, we needed to be able to melt the iron 
and pour it into moulds, to make so-called cast iron. And to do this, we needed to build hotter furnaces.

This was first achieved in China in around the 5th century BC, where cast iron was used to make agricultural equipment, weapons and pots. Within a few centuries, water wheels were being used to power their bellows, and by the 11th century ad Chinese smelters had switched from using charcoal as a carbon and fuel source to coke,3
 a swap that wouldn’t be made in the West for another seven hundred years. 

Tracking the spread of iron technology can be challenging for archaeologists, on account of iron’s inconvenient tendency to rust away, and the fact that metal – unlike ceramics, wood or stone – can be melted down and re-shaped continually and indefinitely to recycle the precious material. What remains of historical ironworking are the furnaces and forges. Blast furnaces for cast iron technology had appeared in Europe by the 13th century, the technology probably having spread with trade from the East along the Silk Road.4
 In the 15th century, cast iron was being used in England to make cannons and cannonballs. The furnaces produced pig iron – so called because the shape of the ingots cast from it supposedly looked like suckling piglets.
 
Iron alloys produced in this way were found to be strong in compression, a property exploited by Abraham Darby III to build the world’s first iron bridge across the River Severn in Shropshire, England, which opened in 1781. Darby’s Iron Bridge is viewed by many as the iconic symbol of the British Industrial Revolution, in which cast iron played a central role. Its strength, wear-resistance and ability to be cast into moulds saw cast iron used in the machinery of mills, factories and agriculture across the world as industrialisation took hold.

Whilst the ability to cast iron was a technological breakthrough in so far as it greatly increased the potential size and uses of iron components, the material did have some limitations, on account of its internal structure. Cast iron contains around 2–4% of carbon and 1–3% silicon (iron-carbon alloys are only called steel when they have less than 2% carbon), plus small quantities of other elements.

Four-percent carbon might not sound like a lot, but this is enough to cause it to clump together to form flakes of graphite. These areas of graphite are mechanically very weak, so if the material is pulled in tension, the tips of the flakes form regions where cracks start to form, a bit like what happened with the conglomerated carbon areas inside my gear-cog tooth. This makes cast iron prone to fracture, but for many applications like cookware and bridges, this handicap doesn’t matter too much. 

It was the operation of blast furnaces and the casting 
of steel that Sheffield’s Women of Steel would have 
been principally involved in. My pursuit of their legacy wouldn’t be complete until I had experienced what 
it was like to cast molten metal myself. So, I head to Dorset on a sunny weekend, in search of this other side of steel-craft.

*

I am awoken by the usual sound of ‘mmmv … mmmv’ from my phone alarm’s vibration. I continue to lie stationary, waiting for the haze of sleep to lift and for my brain to remember where I am and what’s happening today. A wave of glee passes through me when I remember. Sitting up to find my phone, I realise that my wake-up call wasn’t its vibration at all, but the mooing of a cow on the hill outside. Today is going to be a good day.

Nestled in the rolling, green Dorset countryside is Coles Castings, an art foundry run by Steve Coles with the help of his partner and my colleague from the Institute of Making, Necole Schmitz. Around a dozen of us have gathered here for their annual iron-pour, with varying levels of experience ranging from zero (me) to professional metalworkers (most of the other people). We’re going to be melting iron in a furnace, and casting it into pre-made moulds to make sculptures.

After a delicious pancake field-breakfast, we are intro­duced to our furnace for the weekend, whose name is Tiny Rick.5
 Tiny Rick is a cupola (pronounced ‘coop-ler’) furnace, and he’s about the same height as me (5’5”). These are the furnaces that would have processed the pig iron produced by early Chinese – and later, everyone else’s – blast furnaces. 

Iron working has a rich history of anthropomorphised furnaces. In Africa, Rick would have found himself in a gender minority; in these communities, the process of winning iron from iron ore was shrouded in mysticism and ritual through symbol and metaphor, with the reproductive power of women being integral. For instance, the Shona ironworkers of Zimbabwe modelled their furnace in a shape roughly approximating a fertile woman, the bloom dropping from her stomach into an area between leg-like projections. In many other African cultures, metalworkers referred to the furnaces as their wives, and any failures of the furnace to produce metal were explained as an inevitable effect of spirits displeased by the metalworker’s ‘adultery’ with human sexual partners. This belief system prohibited women’s participation in metalworking, and ensured that smelting remained men’s work.

Necole gives the safety talk, which includes how to dress for an iron-pour: steel-capped boots, leather chaps, a leather apron, a leather jacket, long leather gloves, safety goggles, ear defenders and a hardhat with face shield. 
The position to take should we find ourselves being pelted with molten iron is to bow our heads, so that the bottom of the visor touches the chest, and no hot metal can hit your face. This all seems rather more serious than blacksmithing, which we did in normal clothes and just leather gloves … At this point, Steve mentions that a beard is advantageous because it can help to create a seal between your chest and face shield, as his ample facial growth demonstrates. 

Being largely beardless myself, I would have been feeling unprotected at this point were it not for wearing my own weight in several layers of leather. Since it’s early summer, all this gear feels claustrophobic, and the goggles, visor and ear defenders mean I’m feeling somewhat detached from my sensory environment.

The first task of the iron-pour is to break up scrap iron into small pieces using hammers; this is the stuff we’re going to be melting. It’s backbreaking work, and after forty-five minutes I’m ready to pass my hammer on to another member of the team. We make slow progress and it’s mid-afternoon before there’s enough iron for the pour. 

Everything that touches the molten iron needs to be kept very hot, so that it stays liquid for as long as possible. So, added to the arduous hammering, there are three furnaces ramping up in the yard; a kiln that keeps the iron-pouring ladle hot, another that keeps the moulds hot, and Tiny Rick himself. I’m grateful for the gentle breeze that intermittently relieves the heat, a privilege maybe not afforded to the workers in Sheffield’s sweltering steelworks. 

As well as making suitable-sized scrap iron pieces, we also have to break up small pieces of coke, the fuel for the furnace. Tiny Rick is filled with coke and a massive blowtorch is placed in his mouth – a standard Saturday afternoon for him, no doubt. The temperature inside is assessed by looking at the colour through two Pyrex viewing holes.6
 When he’s deemed to be the right colour of yellow-hot (around 1,100°C), the first charge of 
iron goes into the top. Rick is loaded with alternating charges of iron and coke in a 10:4 ratio. Two blowers feed oxygen into him, to raise the temperature further using chemistry. 

The coke has a dual purpose in the furnace. The first is to act as fuel, and the second is to purify the iron with chemical reactions. When coke is heated in the furnace, it first reacts with the oxygen in the air to form carbon dioxide gas. This is a strongly ‘exothermic’ reaction, meaning it gives out a lot of heat, which can drive the temperature up enough to melt the recycled iron. Secondly, the carbon dioxide reacts with more carbon to form carbon monoxide gas. The carbon monoxide purifies the molten iron by removing iron oxides (rust).

The furnace takes a while to reach temperature, and I take this opportunity to have a sit down in the shade. Suddenly, several balls of yellow-hot iron come flying out of Tiny Rick’s mouth, propelled metres across the yard, and I scramble to my feet. More follow, and this tells us that it’s time to bung up Rick’s mouth with a handful of clay, and charge the top with more iron and coke. 

Soon, Rick’s up to temperature – over 1,500°C – and we’re ready for the first pour. We are paired up and, alarmingly, my iron-pour partner and I are chosen to go first. I have no idea what I’m doing, and I reckon I’d be much more comfortable watching some of the experts demonstrate. But, eager to pull my weight in the team, I obligingly take my position at one of the handles of the ladle.

It takes two of us to pick up the ladle off the kiln and carefully take it over to Tiny Rick. Once manoeuvred to the correct position, Steve smashes out the clay bung with a sharp stick and molten iron comes pouring out of Rick’s mouth into the ladle, like hot yellow vomit. The ladle itself is the size of a medium-sized paint tin, but it holds 20kg of iron. Imagine a paint tin weighing as much as an oversized holiday suitcase.

We take the precious liquid to the side of the furnace with some trepidation, since the two leaf-blowers acting as bellows are directing very hot air out of Rick’s mouth straight into our path – I see now why we needed so much leg protection. However, time is of the essence, since every second that passes sees the molten iron cool down further. One of the expert metalworkers deftly scoops off a crusty layer that’s floating on top of the molten iron, using a spoon-shaped implement on the end of a long metal pole. This is slag – impurities of oxides and silicon. He hits the spoon on the ground to knock off the slag, which has the consistency of very sticky cookie dough. 

Finally, the pouring itself. I’m holding a single bar attached to the ladle full of molten iron, which acts as a pivot, and my pouring partner holds the double-handled end which allows her to tip the ladle. A mould is removed from the hot kiln and placed into a sand bucket to keep it upright. Most of the moulds are ceramic, and have been expertly crafted by the more experienced metalworkers prior to the pour;7
 they look like a chunkier version of the final cast object. I, on the other hand, as a less experienced iron-pourer, have made a mould out of a ‘scratch tile’ – a flat mould made of compressed sand, into which I scratched8
 the wobbly word DORSET this morning.

It’s quite difficult to aim the yellow-hot molten iron into the moulds, and even more difficult to fill the scratch tile, the glowing iron splashing off and flowing down the side. I quash the temptation to tip the iron onto the yard floor to see what happens. When the ladle is empty, it gets replaced onto its special furnace and the whole process is repeated. The entire pour takes about three hours, and I get two more goes at pouring before Tiny Rick runs dry.

I watch the other, more expert pourers, and help to position the hot moulds in the sand each time. I can see the iron cooling and solidifying in my scratch tile mould. As it does so, it goes from being bright yellow to orange, to red, to black. Sparkly lines whip across the surface like lightning, and I stare, transfixed, at this material magic.

At the end of the pour I crumple onto the cool grass nearby, overheated, exhausted, filthy and triumphant. I’ve learnt that steel working, whether forging or casting, is not for the faint-hearted. It does, however, seem to be for a much more diverse cast of potential metalworkers than I’d originally given steel credit for. As we sit in the field enjoying stone-baked pizza under a stunning sunset, I feel proud to have been able to contribute to this merry band of metal enthusiasts, and grateful to have finally been of use on a team with steel.

*

I can’t conclude my steel quest without returning to where it all started. So, I take a pilgrimage on a very rainy day to Sheffield, the city whose veins run with steel, the clang of hammers its heartbeat.

Standing proud with their arms round each other in the city centre, the two Women of Steel in the statue are captured striding forward with purpose. A welder and a riveter, they’re wearing men’s overalls held up by belts. With their gloves off and shirt sleeves rolled up, their muscular forearms support confident hands on hips. Ironically made from bronze, not steel, the statue glistens in the rain. 

I stand with them for a while, these nameless foremothers of metal, basking in their self-confidence and steely deter­mination. I feel they personify so much of why I think feminism is important. It goes beyond simply ‘allowing’ women to do ‘men’s work.’ It’s that if we don’t allow everybody into spaces then we silence voices that might be able to contribute useful information about why the gear-cog might have broken. For every Agnes, there may be countless others who found the blacksmithing world too hostile. When we bar certain groups from taking part based simply on tradition, we risk closing ourselves off to opportunities that use their skills, like the ability to manufacture munitions or artwork. These Women of Steel stand for anyone thriving in a world not built for them. It’s up to us all to build a world that welcomes everyone. 

What about my initial question, then, as to whether the personalities of materials are down to their nature or nurture? Steel’s marvellous material properties – its strength, hardness, toughness, and ability to be moulded – certainly do lend it to particular applications over others. Such applications tend to be in mechanics, engineering, structural and industrial settings, and have imparted steel with its macho personality.

So, yes, I think materials do have inherent personalities, which come from their materials properties, uses, and the associations that we make from those, even if, like plastic, that personality is relatively neutral. That’s not to say that we can’t have an influence over their personalities, though; the subversion of Agnes’s intricate steel sculptures and the work of the historical Women of Steel are testament to that. Even if their work alone isn’t enough to shake off the stereotypes that still exist within steel culture. 

I think back to the steel barbed wire that threatened me from the upper shelves of the Materials Library. One would imagine the effect would be very different were it to instead be made from chocolate, glass or rainbow-coloured fur. Is barbed wire still barbed wire if it’s not made from steel? Clearly, materials matter. 

But I wonder if this is universally true for all objects. Is the essence of an object always dependent on what it’s made from? Or is it possible to divorce the significance, purpose, idea or meaning of an object from its material? 

I decide to put this question to the test, and investigate the material of my favourite object on Earth.

Notes

1 Any more carbon than 2% and it’s called cast iron – more on that later.

2 This is why thermal cameras operate in infrared, because it allows us to ‘see’ the thermal radiation being given off by objects, by computers reconstructing infrared signals into an image.

3 Coke is purified coal, made by heating in the absence of oxygen to produce a matte, black, high-carbon solid fuel.

4 The spread of blast-furnace technology did not reach Africa, but as a result a much wider variety of bloomery-based processes were developed there. No evidence for metallurgy of any sort beyond the use of raw metals has been found in the archaeological records of pre-colonial Australia or North America, although Native Americans on the northwest Pacific Coast of North America procured some iron from Japanese shipwrecks swept there by currents before European contact. Copper-smelting technologies in Central and South America developed independently and more or less concurrently with those elsewhere, but these regions did not develop iron bloomeries or blast furnaces.

5 No relation to the salt-flats supercar racing driver, I believe.

6 A nod to borosilicate glass’s transparency and excellent resistance to thermal shock.

7 We’ll meet heat-proof ceramics in a later chapter.

8 Hence the name.
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Brass

I’m not a religious person, but the closest I’ve ever come to God was, weirdly enough, in a church. I was on a school music tour, playing the trumpet with a ten-piece brass ensemble in an enormous Gothic church in a sleepy town in central Germany. 

The composition itself wasn’t especially remarkable. As the parts played by the different instruments continued to intertwine – each raising up into prominence, and then diving back down into the general texture – the group felt strong. The music was swelling to its climax and in the closing few bars of the piece, I looked ahead on my sheet-music and saw a tantalising sight. The final note written in my part was a top C in brackets, indicating that this pitch was optional; the G below it marked as an alternative for those more inclined to play it safe. 

In a split-second I accepted the challenge, increasing the airflow, tightening my lips and pushing from my core to go for that top C. As I hit the note, it felt as if time stood still. Like a human pyramid, the pitches of the chord from the other nine players stacked up beneath my own, physically supporting me with their soundwaves and making my top C effortless, each note below it perfectly in tune. Our sound moved every inch of the vast volume of air inside the cavernous space, electrifying the cold stone walls, our resonance self-amplifying as we locked into the invisible physics. The effect was so perfect that for a moment I wasn’t sure if any noise was actually coming out of my trumpet at all, its sound instead no longer my own, but given completely to our collective vibration. I closed my eyes and gave myself over to the sublime power of music.

*

My trumpet is the physical object which I love more than any other. To you it might just look like a length of slightly dented brass pipe, but to me it embodies part of my identity as a human being, and was instrumental in making me who I am today. In other words, the signi­ficance of my trumpet – and indeed the wider cultural idea of the instrument – makes it the perfect item to test the importance of materials to specific objects. Would my trumpet still maintain its meaning if it weren’t made from brass, but instead of silver or plastic, or even of nothing at all? 

It all started when I was eleven years old, at the beginning of the summer term at school. My class was sitting cross-legged in a crescent shape on the itchy brown carpet of the school’s music room. Several unloved cellos with their strings drooping slackly were stacked roughly against the back wall, and abused Yamaha keyboards lay end-to-end around the perimeter, their black keys like jail-bars, keeping us captive until the bell rang.

Just as I was mentally preparing myself for another tedious lesson singing in rounds while staring at the ceiling, our teacher announced that today we were going to have a demonstration of the trumpet from the school’s new brass teacher. Here we go, I thought, giving it my best eye-roll and miming putting my fingers in my ears to my friends. Still, even some old guy blasting our eardrums with a trumpet would be a blessed relief from the usual symphony of the keyboards in ‘DJ’ mode for the next half an hour.

As I swivelled to see who was walking through the door, my jaw physically dropped. In strode a young, tanned, tall woman, her height further elevated both by my positioning near the floor and her high heels.1
 In her hand she carried a golden trumpet, which matched her multitude of jewellery; it flashed in the sunlight streaming through the tall schoolroom windows. She introduced herself as Sarah with an Australian accent (which I later discovered was actually a New Zealand one), which seemed fittingly and impossibly exotic to me sitting, as I was, on a brown carpet in Bedford.

The sound that emerged from her trumpet was like nothing I had heard before. Her tone was clear and bright, and it wrapped around me like a warm towel. She played high and low, loud and quiet – the sound of her soft, sensitive sections had me utterly transfixed. She was physically strong, too, setting the whole room buzzing with the brilliantly loud noise, effortlessly switching from regal classical repertoire to acrobatic jazz. 

Next, she demonstrated how trumpets work, constructing one using a hosepipe and a kitchen funnel, making everyone fall about laughing as she directed the sound around the room by getting one of the class to point the funnel in different directions. In the space of twenty minutes my eyes and ears were opened to the world of the trumpet. I wanted to be like Sarah. And I needed her to teach me how. 

*

To understand the significance of brass to the trumpet, we must first find out its past. The story of the trumpet is as old as humanity itself, and its ubiquity throughout world history can teach us wider lessons about both the societies in which they were used and the materials and making processes developed through the ages. In this chapter, we’ll let the trumpet be our guide to the world of materials in music and metalworking. 

The first trumpets were used for hunting and commu­ni­cation, made from whatever local materials came to hand. People near the sea would have used conch shells, while those in rainforests would have hollowed out wood or bone. The Saxons used their animal-horn trumpets as both instruments and drinking vessels, starting a drinking culture which is still alive and well in orchestral brass sections today. African peoples used elephant tusks, Indigenous Australians made eucalyptus digeridoos, and northern Europeans made alphorns out of fir trees.
 
After these natural materials, it seems that many societies adopted metal for their trumpets as soon as it became available. The metal of choice was bronze. Bronze, made from copper with the addition of arsenic (or later tin), was first made more than five thousand years ago, around 3300 BC, in the Middle East. Its arrival heralded the end of the Stone Age, and the beginning of the Bronze Age. 

Bronze was unlike anything the world had seen before. Before bronze, the only metals known were those that occurred in their raw form like gold and silver, or those easily extracted by heating ore in a fire, such as copper and lead.2
 Whilst these soft metals could be shaped by hand using simple tools, bronze required the building of furnaces – either to shape it by force in its hot solid form, or to melt it into a liquid. This called for ceramic crucibles to pour the molten bronze into moulds (a technique that would eventually lead to cast iron, which we met last chapter). 

Stone hammers could be used to shape bronze, but early bronze-workers would have found that the metal needed regularly warming up in the furnace to keep it workable. Through trial and error, they learnt how to alloy, reshape and craft bronze to make blades tougher and sharper than flint, and thin plates of armour stronger than leather. Bronze marked the start of our mastery of metals.

Bronze trumpets were used widely in the ancient world. A trumpet-playing competition would have opened the Ancient Greek Olympics, a tradition that started in the 96th Olympiad, in 396 BC. The person who blew their salpinx3
 the loudest was awarded an olive wreath and the honour of playing every time competitors were introduced, to start the events and to fanfare the winners. Whilst only men were permitted to compete in the Olympics, it is thought that the female equivalent, the Heraean Games, may also have featured a trumpet competition. Female trumpeters were not unheard of at the time. In fact, a woman known as Aglais, daughter of Megacles, was a well-known trumpeter from Alexandria around 275 BC. She was renowned for her large appetite, her skill on the trumpet, and for wearing ostentatious head-dresses when she performed. Sources say she could drink nine pints of wine in one sitting. I like to think we would have been friends. 

The Ancient Egyptians adopted a trumpet called a sheneb as an instrument of war, their volume amplifying commands across larger groups of soldiers than the human voice alone could manage. Two stunning specimens were discovered in the tomb of Tutankhamun, thought to have been made around 1324 BC. One was made from silver, the other a bronze alloy with gold on the flared bell, and both were engraved with depictions of the gods and scenes of war. 

Since silver and gold can be found in their raw forms – in other words, not hidden from sight in ores like most metals – they represent some of the earliest metals in use. Two factors saw them unable to make the same impact as bronze, though: first, their scarcity meant they could never be used in high volume for everyday items, and second, both are very soft metals. Even if they were more abundant, this softness would have rendered them useless for anything more practical than mere decorative pieces. For ceremonial trumpets, however, they would have been befitting of a pharaoh.

Tutankhamun’s trumpets were played in 1939, and have since developed an unfortunate reputation for being cursed; it is said that whenever the trumpets are blown, they bring about war. The evidence? They were played a few months before World War II, a few weeks before the 2011 Egyptian revolution, before the Six Day War in the Middle East in 1967 and before the Gulf War in 1991. I’m not normally one for superstition, but even I would probably hesitate to give them a toot were the chance to arise.

The military associations of the trumpet have endured to the present day, and my first-ever trumpet performance owes a debt to this tradition. It was 11th November 2003 and I was sitting at the front of school assembly. Our teacher was reading out the extract from Laurence Binyon’s poem For the Fallen, the one that starts ‘They shall not grow old, as we that are left grow old …’ and my whole body was shaking with nerves. The passage ends ‘At the going down of the sun, and in the morning, we will remember them.’

There follows a minute silence. I don’t know if you’ve ever been close to throwing up during a minute’s silence, but that was – and remains – the longest minute of my life. I watched the thick red second hand tick excruciatingly round the brown clock face on the opposite wall of the school dinner hall, sweat dripping from my twelve-year-old brow. At fifty-five seconds I stood up on my knocking knees and took my position. With a deep breath as the second hand ticked to sixty, I played the opening note of the Last Post.

The Last Post is a military call traditionally played to commemorate those who have lost their lives in war, as it is on Remembrance Day in the UK. Because it was originally played on the bugle, all the notes of the Last Post are played without the use of the three buttons – called valves – on the instrument. In other words, the whole piece is sounded by the trumpeter changing notes by varying the tightness of their lips, the speed of their breath and the support from their diaphragm. Even the most accomplished military bandsmen get tripped up.

There are a lot of long notes at the beginning of the Last Post, and as they emerged from my trumpet, I was certain everyone could hear how much I was shaking. In the middle passage I could hide amongst the faster notes; it sounded pretty trumpety, so at least I was giving the people what they wanted, I thought. The call ends with a long high E, often played with a diminuendo so that the sound dies away into nothing. Contrary to popular opinion, trumpets can actually be played extremely quietly, but it’s quite difficult to do, particularly if you feel like you’re about to be sick. 

The start of that last note cracked, but I quickly re-sounded it, blinking sweat out of my eyes and franti­cally scanning the front rows to see if anyone had noticed. I held it on for as long as I could without passing out and then promptly sat down. Weak applause rippled around the room, shushed by one or two teachers who weren’t sure if it was appropriate to clap after the Last Post or not. 

My performance wasn’t perfect, but I’d done it. I felt exhilarated and proud, but the best bit was getting a hug from Sarah at my next lesson. From that point forward until the day I left school, I was known to all who entered its doors as Trumpet Girl. 

*

It’s the combination of being able to issue sound at high volume and be used with one hand while the other steers a horse that saw trumpets excel in the military setting. The physics of the valve-less early trumpet constrained it to a small number of notes (much fewer than those on a piano), which helped to standardise military trumpet calls into combinations of a few different pitches and simple rhythms, so they could be used to deliver unmistakable instructions to soldiers.

That collection of notes is called the harmonic series, and it arises from the vibration of the air inside the trumpet. Allow me to illustrate, using fire. A year or so after my first stand-up comedy performance, I was invited to take part in a special celebration of science comedy at the newly-renovated Bloomsbury Theatre. This may seem unbelievable, but I’d already squeezed all of the comedic potential possible from my doctoral research topic of hydrogen storage materials. So, I decided I would do something about another passion, trumpets. 

After procrastinating for two months, a week before the gig I took my idea to build a two-metre-long propane-filled fire-tube to the Institute of Making, finally taking them up on their offer for me to try making something of my own. On the night, I demonstrated it to hundreds of people in front of the theatre’s brand-new projector screen, which their stage manager didn’t hesitate to inform me would cost £10,000 to replace.4


This was a Rubens tube, named after its inventor, German physicist Heinrich Rubens, in 1905. It was made from a thick copper pipe, which I precured from a plumber’s merchants off Tottenham Court Road. With assistance, and using a stationary pillar drill, I made small holes along its length about an inch apart, and fitted a rubber membrane to one end. On the other end – and using my previously learnt skill of soldering – I affixed a gas nozzle to be connected to a tank of propane. 

When the tube is lit, it creates a row of small, yellow flames, like a straight gas hob. Playing the trumpet against the rubber membrane transfers the soundwave vibrations from the instrument into the propane. Because sound waves are made up of areas of high and low air pressure, soundwaves in a propane-filled Rubens tube are also made from areas of high and low pressure, this time of propane. In the regions of high propane pressure, the little flames grow tall, and where there’s low propane pressure, they shrink. The result is an undulating row of flames that allow us to visualise soundwaves with fire. 

But back to trumpets. Thanks to the shape and length of the instrument, the air inside the trumpet prefers to vibrate at certain frequencies over others, in an effect called resonance. The note that sounds when you blow across the mouth of a beer bottle is due to the same phenomenon, and the pitch of the note – whether it’s a high sound or a low sound – depends on the volume of air inside the bottle, which in turn depends on how much of the beer you’ve already drunk. 

Trumpets can resonate with a number of different pitches using the same volume of air, which gives rise to a series of different notes – this is the harmonic series we encountered earlier. The distinct sound of the trumpet as well as the notes made possible by the harmonic series arise – like they do in the beer bottle – from the trumpet’s shape, which can be approximated by a long cylindrical pipe plus a flared end called the bell. Soundwaves corresponding to different pitches are set up in the volume of air inside the trumpet, and some of these escape from the bell, travel to our ears, and allow us to hear the trumpet’s sound.
 
When visualised in fire, lower pitched notes manifest as few undulations of the flames, and higher pitched notes as more. Soundwaves are standing waves, so the undulating regions of high and low flames in the Rubens tube appear stationary, and coordinate in a joyful jumping dance when a tune with different notes is played against it. You’ll be relieved to hear that nobody burnt anything down that night, and thenceforth I became known by all who attended or heard about that gig as Fire Trumpet Girl.

The crucial point is this: the materials of trumpets play merely a supporting role in the sound they produce. It’s their shape that really counts, because it’s the air inside that actually propagates sound. Sarah proved that on day one; you can make a pretty convincing trumpet out of a rubber hosepipe and plastic kitchen funnel. So why, then, brass?

*

It seems that the material of brass started to come onto the trumpet scene thanks to the Romans, although the exact alloy mixture of copper and zinc – the two main material ingredients of brass – varied wildly throughout history. This is because the boiling point of zinc is just 907°C, which is lower than the melting point of copper 1085°C, so brass couldn’t be made in the same way as melting copper and arsenic (or later, copper and tin) together to make bronze. The zinc would simply boil away into thin air before the copper melted.

Instead, the Romans made brass by a process called cementation. Here, copper, charcoal and a zinc ore called calamine were heated together in a crucible, to temperatures hot enough to release zinc vapour from the calamine. These gaseous zinc atoms would react with the copper metal to produce brass.

Little is known about brass production in the centuries following the fall of the western Roman Empire in the middle of the 5th century ad, but brass artefacts from those centuries suggest its popularity continued. Writings from Islamic scholars and the Italian explorer of Asia, Marco Polo, in the 13th century, indicate that cementation was used throughout the Middle Ages to make brass for coins and statuary. Crucibles improved over time by the addition of lids to keep more of the zinc vapour inside. 

Controlling the amount of zinc in the brass using this method was a problem, and so brass could contain anything between 3% and 30% zinc. This meant that the exact nature of brass – what it was made from and how it formed – remained a mystery for centuries after its widespread use had begun. In fact, brass didn’t escape the alchemists’ attention because, after all, its colour is not dissimilar to gold. But to their disappointment, they found that prolonged heating of molten brass saw it return to copper, rather than magically transmuting into gold. According to them, the ‘spirit’ of the brass (which we now know are the zinc atoms) escaped. 

As we learnt in the previous chapter, when two or more elements are combined into a new metal, the resulting mixture is called an alloy. The percentage of each element in brass alloy – copper and zinc – is important; different ratios give different properties of the resulting material. These two metals are neighbours in the periodic table. Since the elements on the periodic table are listed in 
order of size, neighbouring elements have very similarly sized atoms. 

Just like steel, the atoms in brass exist in crystal structures. If you remember, this means they pack together in defined and orderly patterns in a precise formation of rows and columns. However, the way that copper and zinc atoms share the crystal structure in brass is different to the structural strategy of steel. Because the atoms of copper and zinc are such similar sizes, in brass, a zinc atom can sit in the place of a copper atom in the nicely packed crystal structure without too much issue. In steel, the carbon atoms are significantly smaller than the iron atoms, so they squash themselves into the spaces between them, rather than taking up a defined position in the structure.

Until recently, this was really all I knew about brass the material. Understanding brass as an alloy was one thing, but I’d never actually seen it bent or worked in real life, save for observing my trumpet getting dented by accident over the years. It was time to find out whether the making of trumpets could teach me anything further about brass. 

*

I get on a train at Liverpool Street on a warm May morning, and after speeding past fields of cows and cruising over wide muddy estuaries I arrive at Norwich. A quick taxi ride delivers me to an industrial estate on the edge of the city. As I approach a small blue door, I can hear hammering from inside. Opening the door ajar, I’m greeted by a bouncy white terrier and behind him a medium-sized bear (who later turns out to also be a dog – an adorably shy and fluffy black Chow-Chow). 

Andy Taylor, of Taylor Trumpets, appears behind the canine scrum, a tall, slim man in his fifties wearing a blue overcoat and jeans. He proffers a hand grubby with tarnish to shake, and leads me through to his workshop. Three younger men are standing at workbenches hammering metal, soldering parts and assembling tubes together into trumpets. On one wall of the workshop hang cut-out sheets of brass, narrow at one side and flared outwards at the other. Opposite is a shelving unit upon which stands a forest of half-finished trumpet bells of various colours, shapes and sizes, and next to that the wall is splattered from floor to ceiling with mysterious black sludge. 

The workshop floor is packed with lathes and pillar drills. On the far side, two torches flicker with tall yellow flames, giving the space a primal, industrial energy. In the centre is an island of workbenches on which sit the gleaming finished products. Andy’s workshop doesn’t just make trumpets out of brass, but copper, bronze and even pure silver. Hang on a minute – didn’t we say that brass overtook all of these inferior metals? The material, according to Andy, gives the instrument a subtly different quality to the sound, and the choice of metal is dependent on the tastes, preferences and genre of its player. I stand corrected. 

Andy takes me through the trumpet-making process, which starts with a conversation. All of his trumpets are bespoke and made to order, so before even lifting a piece of metal, he speaks to the player to find out what their sound is like and what they want from their new instrument. Hearing a player’s recording can tell Andy a lot about the tube size, shape and design of the trumpet they need. Even the material, apparently, is a variable and isn’t as fixed at ‘brass’ as I had expected. He tells me it’s a bit like being a hairdresser; players bring their insecurities to him, which he attempts to remedy by hammering, brazing and bending them a new instrument. 

To create the trumpet, Andy first cuts out the flared shape of the bell from sheet brass, using robust metal-cutting scissors. This is folded lengthways over a steel bar, and hammered round into a cone-shape. Small rectangular sections about two inches apart are punched along the seam to hold the two sides together in an overlap join. This is then brazed to seal it closed. In this process, a low melting-temperature brass-alloy filler is melted and allowed to flow into the gap between the two close-fitting pieces. Capillary forces, such as I had observed in my broken copper pipe on that first day at the Institute of Making, are responsible for allowing this to happen. These are attractive forces between the filler material and the solid sides of the join, which pull the liquid through the thin gap. This is where the workshop’s enormous torches come in; occasionally during my visit our conversation would have to pause to make way for the roar of a gas torch, which sounds like an aircraft taking off. This doesn’t seem the right time to ask to have a go.

This bending and hammering to shape the metal sheet is called cold-working, and the fact that it is possible to shape brass by hand in this way gives a clue as to why its use has been so popular for hand-making instruments for the last two thousand years. Brass’s ability to do this is all down to its atomic structure. 

When you bend a brass sheet a very small amount, the metal springs back into its original shape; imagine twanging a brass ruler over the side of a desk. With very small movements like this, none of the atoms move from their original positions; they simply get squashed slightly closer, or stretched slightly further apart from each other, but their bonds hold them all in position and pull the material back to its original shape like a spring. We describe this as elastic behaviour.

Bending the sheet further sees the material deform plastically. This is a very unhelpful term, which describes how materials – including metals – permanently deform. Imagine forcing that ruler into a ninety-degree angle – it’s not likely to spring back. Plastic deformation happens because of defects in the atomic crystal structure called dislocations, which we met last chapter with steel.

Dislocations move through the crystal by breaking and forming a small number of atomic bonds at a time, like a tiny ripple of movement. As the dislocation passes, the atoms involved shift ever so slightly. Their motion is small, but the effect is large; thousands of dislocations moving through the whole sheet of material mean that it can bend and stay bent.

When a zinc atom replaces a copper atom in the crystalline structure of brass, it puts an uncomfortable strain in the material because of its slightly larger size; you can think of zinc as the man-spreader on the train of the atomic world. This internal strain makes the whole material much harder, stronger and stiffer than pure copper, because it makes it more difficult for the dislocations to flow through the material, like the sudden narrowing of a road causing cars to slow down. While soft metals like pure copper, silver and gold can also be successfully cold-worked, brass has the perfect balance of material properties for the purpose of trumpets. It’s easy to work by hand but – unlike pure silver or gold – robust enough to weather the wear and tear of use. 

*

Having bent and connected the tube, next Andy makes the flared end called the bell. This is done by slotting a brass disk onto a flared steel pole, which spins lengthways on a lathe. Using a thick steel bar as a tool, the disk is 
coaxed down and against the spinning rod, which gets progressively wider, until the disk takes the curved shape of a trumpet bell.

Andy shows me a bell that has been turned in this way, and on the inside edge he points out ‘stretch marks’ – regions of the brass which are coarse to the touch. I gasp when I run my thumb round the bell to feel the roughened regions. I’ve seen brass down a microscope in a sample prepared in the laboratory, but I didn’t realise the internal texture of brass could be uncovered quite so obviously by a physical craft process such as this. These rough patches are caused by thousands of metal grains jutting out of the surface, creating miniscule angular edges and protrusions. 

Pretty much all the metal you’ve ever seen will have been made up of thousands of grains – each an individual crystal lattice of atoms – all joined together like three-dimensional crazy-paving. Grains are at the intermediate part of the materials-science scale – they can be as small as a few atoms across, or as big as a few centimetres. If you’ve ever noticed a dappled effect on aluminium ducting, those are the metal’s grains. In brass, the grains are often very small; you can only see them through a microscope, and they look like the view of a random patchwork of fields from an aeroplane. In each grain, the atomic structure of brass is identical, but differently orientated in relation to its neighbours. This produces edges to the grains, called grain boundaries.

As the sheet bends and dislocations flow through the material they bump into each other, trip up over missing atoms in the crystal, or bump into the grain boundary. The more you plastically deform the material, the more dislocations get created, and these then become stuck. Dislocations struggle to get through grain boundaries because there the atomic structure is a disorganised mess. If we imagine dislocations as cars driving through grid-like city streets, at grain boundaries it’s as if a giant chasm stretches across the width of the road. Without the continuation of the crystal structure, the simple movement of atoms that allows dislocation flow becomes interrupted. So, the dislocations are stopped in their tracks, which means the material can’t deform so easily. 

The effect of dislocations that can’t move is a strengthening, stiffening and hardening of the material, because it can better resist deformation. This effect is called cold-working, because, unsurprisingly, it’s done cold. A silversmith once described the atoms in cold-worked metal to me as being ‘angry.’ You can do some cold-working to irritate some atoms yourself with a paper clip. Bend it back and forth a few times and you’ll feel the material get stiffer, but do this too much and the tangled traffic jam of dislocations at grain boundaries near the material surface cause the grains there to jut out, just like the stretch marks in brass. This is an inviting place for cracks to form, and cause your paper clip to snap. 

If you don’t want your paper clip to snap, but you’ve already cold-worked it a bit, all is not lost. You can reverse the effects by heating the metal up and holding it at a high temperature for some time in a process called annealing – just as we did to finish off my glass gin-and-tonic stirrer squiggle. Here, the extra heat energy you give the atoms allows them to relax into a more comfortable position. The old, cold-worked grains are replaced by new, unstrained crystals, and dislocations dissolve. Over time, if the material remains hot, these grains grow in size, like bubbles coalescing to form bigger bubbles. If cold-worked metal is angry, metal in this state is zen, meaning it will return to being easy to bend and deform by hand.5


Cold-working can be a good thing, though, as the early metal workers would have discovered. Angry cold-worked metal is harder and stronger than annealed metal in its softer, zen-like state, so would have been better suited for weapons, tools and armour. On the other hand, cold-working also makes metal more brittle, and susceptible to breaking, so they would have had to have found a heating process for their weapons which produced a compromise of hardness and toughness. 

Andy’s team are well-aware of the potential pitfalls of cold-working brass, too; the discs for the bells need to be annealed three or four times throughout the shaping process, to relax the atoms and keep the material soft. The tool is lubricated with oil to protect the surface of the brass, which is what caused the floor-to-ceiling sludge splatter behind the lathe.6
 He demonstrates on a spare disc, which he shows me can’t be used in a trumpet due to ‘brass rot,’ a sort of red-coloured rusting of brass. I’m surprised to hear that brass can rust – I thought it was only iron-containing metals that needed to be wary of this sort of corrosion.

‘You see rot take hold particularly in instruments where the player just throws it in the case after they finish playing,’ Andy chuckles. ‘The condensation on the inside of the instrument from the player’s breath just sits in there and rots the metal.’ I gulp, making a mental note to clean the inside of my own trumpet as soon as I get home. 

To finish the bell, the rim is folded around a wire. Andy shows me on the spare bell, and it is clearly extremely technical – my basic workshop skills are definitely not up to giving this a go. After he’s shaped it, the narrow end is attached to the end of the tapered tube by brazing. 

By now the trumpet is made up of a long, straight, thin tube with a bell on the end. Hang a flag off it, and it looks very much like some sort of medieval or Roman ceremonial trumpet. But modern trumpets are bent round to make them easier to carry. Bending tubes is trickier than you’d think. Imagine bending a straw; unless it’s a specially-structured bendy straw, it folds closed rather than forming a curved bend. 

To combat this problem with trumpets, a mixture of black pitch, similar to the asphalt you’d find on roads, a resin powder and a dollop of wax is melted; in the workshop it’s sitting at room temperature in two saucepans. This mixture is heated and poured down the trumpet bell (‘Be careful to bung the other end up otherwise you’ll make a mess, erm … as you can see’). Once cooled, the pitch-filled pipe is placed between two wooden blocks, which Andy makes in the workshop to allow him to create custom shapes, and bent round by hand. The pitch inside is flexible enough to allow for the bending, but solid enough to push outwards on the metal to prevent it from bucking and folding. Such tricks with pitch helped historical trumpeters carry their instruments, but they were still annoyingly constrained to a limited number of musical pitches.

*

By the 16th century, the formal study of metallurgy had become much more established; its knowledge-base expanded thanks to the trial-and-error experimentation of over a thousand years of metalworking expertise. This was due in part to developments in printing technology allowing the dissemination of information, and during this time several important treatises on metallurgy were published, for example Georgius Agricola’s De re Metallica (‘On the Nature of Metals’), published in 1556. 

Increased trade in goods and ideas saw new technologies arrive from the East, including ingots of pure zinc from India and China. These revelations saw the development of a new brass-making process, called speltering, in which metallic zinc and copper are alloyed together in more exact quantities. This in turn helped craftspeople make better trumpets, with their material’s behaviour easier to predict now that they could precisely control the ingredients. However, the method of extracting zinc from its ores proved difficult to scale up to industrial quantities. This meant that the inexact cementation process that originated with the Romans endured well into the 19th century as the dominant brass production method in Europe.

Although the material of trumpets was gradually becoming a more exact science, getting the brass right couldn’t solve the problem of trumpets being limited to their small number of notes in their harmonic series. During the 17th and 18th centuries, Western classical music was becoming increasingly complex and full of harmonic colour, which put demands on instruments to be more agile in the pitches that they could play. The time had come to engineer the trumpet beyond the shackles of its physics.

In the late 18th century, Austrian trumpet player Anton Weidinger constructed the keyed trumpet, which had buttons like those of modern woodwind instruments such as the clarinet or oboe. This allowed the player to instantly lengthen or shorten the length of the column of vibrating air inside the instrument, and access a wider range of notes. In fact, for the first time, Weidinger’s keyed trumpet allowed trumpets to play all of the white and black notes of the piano, prompting composers Haydn and Hummel to write trumpet concertos at the dawn of the 19th century that showcased this new capability.

At long last, the trumpet could enjoy the full technicolour of the music that moved into the Romantic period around this time. However, although the keyed trumpet was capable of producing more notes, the mechanisms were clunky and the instruments were technically challenging to play. A new solution was needed.

This came from an innovation that couldn’t have been further removed from the regal concert hall, but allowed trumpets to mirror the rapid mechanisation going on throughout factories and society. In 1776, Scottish engineer James Watt invented his steam engine, a mechanical behemoth that would form the powerhouse of the Industrial Revolution. This contraption centred on an airtight valve, based on piston rods that moved up and down, with this made possible by the availability of precision engineering facilitated by tools made from harder materials like steel.
 
At the beginning of the 19th century, steam engine-inspired piston valves were patented for use in brass instruments. The idea was that when the valve was unpressed, the air could pass straight through, but by pressing the valve the air was redirected around an additional length of tubing. Each of the three valves added a different length of pipe. These valves were more reliable than mechanical keys, and they allowed trumpet players to display a wide range of virtuoso capability, which promptly fed into the music enjoyed by brazen trumpeters. This technology has remained in trumpets to the present day.

*

Back in Andy’s workshop, it’s time to put this valve capability into the trumpet. The bell section gets attached to the valve casing, which Andy buys in from overseas; the precision engineering required for this part of the trumpet is beyond the means of hand tools, even those wielded by hands as expert as Andy’s. The valves must be accurately machined to glide inside their casings smoothly, but not be so loose as to let air escape. 

Once the various pieces of trumpet are all brazed together, the final stage is polishing. ‘This is the most dangerous part of the whole process,’ Andy tells me, holding a finished trumpet against a fluffy spinning wheel. It doesn’t look that dangerous.

‘It can rip it straight out of your hand if you’re not careful.’

Oh.

‘You can’t come in here with anything else on your mind because you’ll end up without a finger …’ he warns.

And there, amazingly, is a finished trumpet, ready for its new owner. I have to confess that I didn’t buy my trumpet from a bespoke maker like Andy, but from a shop. And it was then that I discovered the inexplicable bond between a player and their instrument. 

Not long after my first performance, my teacher Sarah decided that I’d outgrown my beginner’s-model trumpet. The time had come to upgrade to a more serious instrument. Mum and I got the train to London, which was an exciting treat. Our destination was Phil Parker’s – a brass instrument shop near Marylebone. 

Walking into a trumpet shop was like staring directly at the sun. Row upon row of gleaming instruments lined the walls, reflecting back the shop’s fluorescent strip lights in gold and silver. I craned my neck up to see the full array of trumpets and trombones, and other instruments I’d never even seen before like cute cornets, curvy flugelhorns and bath-tub sized tubas.

Down in the basement was where you could try out the instruments. Sarah had recommended we buy a professional-level trumpet; she clearly had grand plans for her tween prodigy. Within that category there was still lots of choice – silver plated or gold lacquer? Reverse leadpipe or standard? Wide bore or standard bore? 

I tried them all and settled on silver-plated reverse leadpipe wide bore. The wider bore gave it a richer tone, and while that required more air to go down the instrument, when played loud it could ring and zing. 

The next question foxed me. Which of the silver-plated reverse leadpipe wide bore trumpets do you want? I was presented with a choice of three. I would have expected each of these instruments to play the same, given their identical design and material. But the reality was anything but. 

I played the same passage of ‘Can You Feel the Love Tonight’ on each of the three identical trumpets. My heart made the choice, rather than my head or my ear. This silver-coloured trumpet, the one that looked the same as all of the others, was the one that responded the best to my playing, and so it became my trusty, brassy companion and remains so to this day. The explanation of why each instrument responded differently goes beyond any logical reasoning of materials science, physics, or expert crafting. I just knew.

*

I ask Andy what’s next in the world of trumpet making? He’s optimistic that his anti-establishment approach will continue to the next generation of trumpet makers. He’d like to see more ‘space age’ materials used in trumpets. Literally. He tells me of the ceramic pistons used in the space programmes, animatedly describing how airtight, wear resistant and low-friction they are, far out-performing any metal. He’d like to see non-rottable materials such as titanium used, and the use of epoxy glues instead of brazing the components together (‘They don’t weld wings on aeroplanes any more, they glue them!’).

Andy dreams of a trumpet with solenoid valves: electrically controlled pistons that redirect the airflow in the instrument with just the touch of a button. These wouldn’t need to be blocked together at finger-width like today’s trumpets, but could be acoustically spaced to minimise the turbulence in the instrument. 

He predicts that, with the right materials, technology and investment, the trumpet could be unrecognisable in thirty years, and I must confess that after today, I agree. The trumpet has always evolved alongside technology; from the discovery of bronze in antiquity, through the experimental centuries getting to grips with brass and culminating in the invention of the valve with the steam engine. I don’t see why this trend wouldn’t continue.
 
As an afterthought, I ask Andy what his favourite trumpet is that he’s ever made. He laughs and says ‘The next one!’

*

Not long after I got my new trumpet, Sarah told me she was leaving for Australia. She said it wasn’t forever, but I still felt distraught, lost and betrayed. What happened to convincing my mum to buy me a professional instrument? Didn’t she want to see where my potential could go? Who else could teach me to play like her? In our last lesson together, she gave me a CD of Mahler’s Fifth Symphony. Tucked into the plastic case was a handwritten note: ‘Anna – will you look after this for me? It is a very famous symphony especially for brass players – listen out for the trumpet solos! Best wishes and good luck! Sarah.’

She never came back. Although I had a string of talented teachers after Sarah who saw me through I’ve always been trying to get back to her sound, to recreate that first sound from back in the school music room that changed my life. I worked my way through the grades and even at one point considered following her path and becoming a professional musician. 

My trusty trumpet has taken me on adventures far and wide; from playing funk and soul classics at extravagant balls, to soaring over the congregation with the descant line at a village carol service; from orchestral solos in the Royal Albert Hall, to quiet playing on my own in my bedroom. Its image was my first tattoo.

As one of the oldest and most versatile instruments in existence, my investigation of the trumpet has shown me that its evolution can be mapped onto the story of the development of metalworking throughout history. It also reflects the societies who adapted it to their needs, from ancient hunting horns through military clarion calls to keys and valves capable of complex melody.

Unlike violinists who continue to value priceless specimens made hundreds of years ago, trumpet players have never shied away from adapting their instruments at the individual level; American jazz trumpeter Dizzy Gillespie famously 
had his instrument modified so that the bell pointed upwards at 45 degrees (after a pleasing accident to this effect). And Andy the trumpet maker’s workshop is testament to the inventive anti-establishment attitude of trumpeters today. 

Yet I’m left with the feeling that there’s something about brass that can’t be explained or fixed, even by lifelong craftspeople like Andy, or by scientific – maybe especially scientific – reasoning. When I play the trumpet it’s an extension of me, its soundwaves resonating through my body. Our connection is rooted in feeling and feedback; seemingly identical instruments have personalities as distinct as three strangers on a train. Whilst the workings of the trumpet can be explained by the physics of waves and the materials science of alloys, brass will always be a little bit magical to me. 

The spirit of my trumpet then – just like the spirit of brass to the alchemists of old – is something intangible and somewhat subjective. Its significance to me goes far beyond its mechanics and molecules. The range of materials used in Andy’s workshop (and the fact that you can make one out of a hosepipe and a plastic funnel) suggests that the trumpet is an idea as much as it is a material object. We appear to have strayed into philosophical questions unanswerable by materials science – is an object still an object if it’s not made of anything? 

Philosophers of the materialism camp would say that even ideas are material in nature, since they cannot exist without the physical human brain. Idealists would argue the opposite, that material objects are merely collections of ideas, which require the mind in order to exist.

While we muse on such big questions, let’s return our attention to something more grounded. Material (and immaterial) objects are undoubtedly able to wield a strong emotional pull – for me it’s my trumpet, for you it will be something different. I wonder whether the physical act of making with materials can be harnessed to influence or change our emotional state. For my next material, I look to one that has previously served as an emotional lifeline. It’s not a happy story, but it turned out alright in the end.

Notes

1 Heels! Such a shoe had never been spotted on school grounds this side of the year-eleven prom.

2 Or, indeed, those which had arrived fortuitously on Earth as meteors.

3 A long, straight, trumpet-like instrument.

4 This was also the day I bought my first blowtorch, a seminal moment in any girl’s life.

5 As a side note, hot-working, such as is done with steel by a blacksmith, effectively combines cold-working and annealing into one process. When I was forging my poker, even as I hit and deformed the material, it was so hot that the dislocations and grain boundaries didn’t get tangled up. The atoms had enough energy to relax into their rightful place in the atomic structure straight away, so the material stayed ductile throughout the process, until it started to cool down again.

6 This forceful reshaping process may well require additional lubrication, but brass surfaces themselves are generally easy to glide over, with low friction. Take a look at your house keys or the zip of your trousers and the chances are you’ll find brass, for this reason.
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Clay

The day that clay saved my life started like any other. I awoke with a heaviness in my chest and lay staring at the ceiling for some unknown time. My limbs felt dead, devoid of any motivation to animate. Over the last few months, without me realising, this had become the new normal. It’s a sign of depression, isn’t it, when nothing seems better in the morning?

As usual, I cycled into the lab early so as to enjoy a few hours of productive work on my own before he arrived, an entrance that would usually be signalled by a sneering comment or a slammed door. Today it was a bellowing attack on one of the other postgrad students, which echoed up to me in the mezzanine office above the laboratory.

I jammed my headphones over my ears to drown him out. These cans had become a permanent fixture in my office, and I even wore them in the lab, which was technically against health and safety rules. Without speaking to another human being all day, these tinny voices of strangers were often the only ones I would hear. 

I turned to the back page of my lab book, which was dedicated to documenting the goings-on down here in the basement labs. I had started this log three years previously, after my complaints to HR about his bullying had achieved nothing. I doubted that anything would come of these records, but it felt better than inaction.

After a short lunch break – there never seemed to be much point in drawing out eating alone at your desk to a whole sixty minutes – I looked at my watch. Two hours until it was time to meet K. I bumped into her in the lab as I resumed my experiment. Still on for later? Great, I’ll meet you down here. 

An email notification pinged up on my phone. 


Subject: Department Receives Prestigious Gender Equality Award

My apparatus grew blurry through tears and I shrugged to wipe them on the shoulder of my lab coat (a safer bet than the chemical-stained sleeves). Dropping everything, I abandoned my experiment and ran up to the top-floor bathroom, preferring to summit five flights on foot rather than get stuck in the lift with a tearstained face next to a group of socially awkward scientists.

This bathroom only had one stall and – gender balance being what it was in the department – was rarely used. So, it had become the perfect retreat when my resilience failed me, its walls reliably containing my gasping cries on many an afternoon such as this. 

How could this place be awarded for gender equality after what I’d witnessed going on here? Why wouldn’t anybody listen to me? Why won’t somebody do something? I’m worthless. I can’t do this anymore. They can win. I’m done.

With moist, shaking hands, I re-read the self-congratu­latory email and was once more overtaken by waves of grief at the injustice. I sat on the toilet’s closed lid with my head in my hands and watched with a thousand-yard stare as mascara-laden tears dropped from the end of my nose to form a wet, black constellation on the green linoleum floor. 

I sat there until a calm resolve returned. By now it was almost time to meet K, so I wiped my eyes and descended to collect my belongings. It had taken us a while to become friendly, K and I, despite being the only two women in the research group. I think I was so focused on keeping my head down to finish my doctorate and get out of there that I dismissed anyone new who arrived. A few weeks ago, though, K had asked if I’d be up for going over to the Institute of Making to throw some pots of clay on the potter’s wheels. It wasn’t something I would have been brave enough to do on my own, so I’d said yes, that sounds like fun. 

I remember our pottery afternoons in technicolour among a sea of depressive grey. Not that we ever had much to show for our time spent at the wheels – we almost never made anything worth firing. We would sit side-by-side, sometimes in comfortable silence, sometimes asking after each other’s failed experiments. Over the purring of the rotating wheels I found a fellow silent sufferer.
 
This was our time to breathe. Away from the laboratory air laced with acetone fumes and abuse, in this oasis we sniffed the earthy clay and squidged it between our fingers with glee. Mixed with water, the clay diluted into a runny slip, and centrifugally splattered our feet and legs as the wheels spun round, ending up on our arms and faces at the awkward scratching of an itchy nose. We would stand back to belly-laugh at another wonky vase or bowl, lurching off-centre round and round the wheel, and would plop it uncaringly into the so-called Graveyard Bowl to join the other pottery fails, which would be recycled back into fresh clay for the next user. 

Unlike my exhausting experience of blacksmithing a perfect steel poker, clay allowed me to revel in the process of making, without the pressure of a final product that had to be any good. Frankly, it was liberating to be so bad at something. Each failed piece that splatted into the Graveyard Bowl was a ‘letting go.’ Maybe the next one will be better, but it doesn’t matter if it isn’t. That’s not the point. 

*

After finishing her doctorate, K moved on from London, and I’ve not touched clay since. A year after completing mine – and I did complete mine, despite it all – I walked into a pub in South Kensington after a comedy gig with some friends, buzzing with a post-performance high, and there he was. Laughing and drinking. Like nothing had ever happened. Because it hadn’t to him. 

I physically flinched as the clamour of the crowd became a roar in my ears and terror descended. He’s here, I whispered to a friend who knew. I have to go.

I ran from that pub. I ran down the street until I reached the corner and was safely out of sight. I tried to fight back the tears, furious at the grip he still had on me, the chilling realisation that I still wasn’t free of that place only making things worse. I panted in the cool night air and gripped some wrought-iron railings as my friends caught up with me. Come on, they said, let’s find somewhere else, that pub was too crowded anyway.

I’m still seeking closure on what happened over those four years in the basement laboratories, and I would like to one day not be left hobbled by another headline about harassment in higher education. Could returning to clay and at last mastering the throwing wheel allow me to finally let go and move on? I thought it was worth a shot, so this is the story of my rediscovery of this substance. This is my story with clay.

*

It’s a balmy summer morning before the workshop opens, a blissful time of year when the students have gone home and left the university campus tranquil and productive. At the Institute of Making, I meet up with my friend and colleague Darren Ellis, one of the Institute’s master potters. Darren is a supremely talented ceramicist with over fifteen years’ experience working with clay, and a hilarious northern wise-cracker. Today I’ve asked Darren to give me a one-to-one lesson on how to make a mug on the potter’s wheel; if anyone can teach me to master pottery, it’s him. Now that we’re here I feel a bit sheepish, like I’ve just asked a Michelin-starred chef to show me how to ice a cupcake.

Throwing on the wheel is one of the most important and technically tricky methods of producing pottery. Potters have been doing it for more than 5,000 years, since the wheel’s development in Ancient Egypt. These early potters had to pull the edge of the wheel towards them with their left hand to keep it spinning, whilst somehow shaping the pot with their right. This resulted in an anticlockwise rotation convention that survives today, although some parts of Japan and India prefer a clockwise spin. 

‘Is that like water spinning down a plughole the other way on the other side of the world?’ I guffaw to Darren, quickly realising that these places are both very much in the same hemisphere in which I am standing, currently willing the ground to swallow me up. 

Today we rely on good old electricity to do the hard work – reinventing the wheel in this way has been rather a good idea. This has freed up both hands with which to shape (rarely, in my case) rotationally symmetrical pots.

But before we even get to the wheel, the first step is wedging the clay. ‘Clay typically contains up to forty percent water, which tends to gravitate to the surface over time. This makes some parts of the clay stiffer than others, which can make life tricky on the wheel,’ Darren explains. In other words, wedging improves the clay’s consistency and makes it easier to work with.

We start wedging by cutting a large block of clay in two with a nylon wire, picking up one half, and slapping it on top of the other. The pair are then lifted, flipped over, and slapped down onto the benchtop, pushing air bubbles out each time. Slice – slap – bang – bang – slice – slap – bang – bang – slice – slap …

(Let go – move on – it’s okay – it’s okay – let go – move on – it’s okay – it’s okay – let go – move on …)
 
I remember how satisfying it used to be to expel pent-up frustrations with the physical effort of lifting and slamming heavy clay.

The different clay layers can be seen on the face of each cut, where the moister stuff bulges out but the drier clay stays structural, like layers of rock on an exposed cliffside. When this process is repeated, two layers become four, then eight, then sixteen, thirty-two, sixty-four… ‘Do this twenty times and you’ll make over a million layers,’ says Darren. In other words, the clay becomes completely smooth, uniform and perfect for throwing.

As I tame my lumpy chunk of clay, I ask Darren where clay comes from. ‘From the ground,’ he tells me, jokingly suppressing an eye-roll. To become the stuff that we’re holding in our hands, it starts with hot magma deep underground, many millions of years ago. The magma pushed upwards but failed to reach the surface. Instead, it was trapped under a dome of granite. Hot gases like boron and fluorine reacted with the granite to produce feldspar, which was in turn decomposed by hot carbon dioxide and steam to produce clay, also called kaolinite. 

This material is no longer hard like the rocks it came from, but instead very soft and susceptible to being washed away when exposed to the elements. It ends up in rivers, in ice or in the sea and as it is being transported, it becomes ground up and picks up impurities. This transportation process – known as sedimentation – acts like a giant sieve, and clay particles of similar sizes settle together in different layers. The resulting banks of clay which we excavate today are made up of layers with distinct particle sizes and compositions.

This is only half the story, though. Recent scientific studies are beginning to illuminate the contribution of biology to the process of clay production, specifically that of microorganisms on the precipitation of clay minerals as they settle into sediments, and the weathering of clay from rocks. For example, some findings suggest that microorganisms play a large part in the weathering process by breaking down the rock to access the delicious minerals inside; elements like potassium, calcium, sodium and magnesium. This modifies the chemistry of the rock, for instance the surface pH, and it also changes the chemical composition of the surrounding water that the sediments end up in.

Microbes have been shown in different studies to both help and hinder the sedimentation process, by eroding rock or by creating a physical barrier to protect it. And while clay is home to many microorganisms, it has also been shown to have a conversely antimicrobial effect on wounds in some medical studies – even affecting those thought to be resistant to antibiotics. 

‘All this confusion about how clay and bacteria interact makes it notoriously difficult to study. Also, the clay-forming process we are trying to re-create has taken millions of years,’ Darren sighs. It seems clear to me now that clay is anything but simple, unglamorous mud. Even more so if we delve down to look at it at the miniscule scale of the atoms inside. 

The main substance of clay is silica (silicon dioxide) – the same stuff as glass, quartz and sand – and alumina (aluminium oxide). In their pure forms, silica and alumina can be found naturally as rocky minerals, but in clay, their flat layers of atoms stack one on top of the other in alternating sheets to form an intricate and precise atomic structure.
 
This makes the correct chemical term for clay ‘hydrated aluminium silicate.’ The word ‘hydrated’ gives us a clue that water molecules are a crucial structural component of clay down at the atomic level. There can be other oxides there too, like the oxides of iron, calcium, magnesium, potassium or sodium, and the relative amounts of each dictate whether the clay is white like porcelain or red like terracotta.

The stuff that we’re wedging up is stoneware clay. Historically, potters would have just used the clay under their feet – Darren tells me tales of digging up his 
own during his apprenticeship. This led to distinct geographical variations in ceramic wares coming from different regions around the world. Since porcelain was the ceramic that piqued my interest on that first day in the Materials Library, I decided to find out how it came to boast such sophistication. And I was astonished to find a pantomime of a backstory which is anything but an erudite tea party.

*

The story of the ‘china cup’ began around two thousand years ago, in China. Porcelain as we’d recognise it today was developed during the Han dynasty (25–220 ad) following early experimentation with porcelain-like clays in the 1,500 years leading up to this period. At this time and over following centuries, all sorts of ceramic goods were in high demand in both China and across the Islamic world. Early craftspeople honed their skills for producing pottery in answer to this need, but all was done on a small, local scale. 

Around 1000 ad, the Chinese porcelain makers got organised, and production became centralised around a town called Jingdezhen. This was thanks to its notably tall (kow or gao) hill (ling), out of which was extracted the crucial clay ingredient, kaolin (pronounced ‘kay-lin,’ after the tall hill ‘kow ling’). Porcelain goods were produced here on a mammoth scale; the kilns at Jingdezhen could fire up to 25,000 objects at a time. This saw the town become the main producer of porcelain for the next 900 years.

During the Ming dynasty (1368–1644 ad), trade along the Silk Road to the west and the Tea Horse Road to the southwest, as well as exports across the seas, saw porcelain wares – and Chinese ideas and culture – diffuse across Asia, Africa and Europe. Such commerce brought about new materials and designs, like the blue cobalt pigments from Iran that were used on Chinese porcelain to create the blue and white wares with which we are still familiar today. 

Despite the mammoth scale of production in Jingdezhen, porcelain exports were tightly controlled. But the Europeans’ taste for the stuff was insatiable, and with a limited supply of porcelain wares coming into Europe, they turned their sights towards discovering the Chinese’s secret. For years they toiled without success but eventually, around 1708, German alchemists Johann Friedrich Böttger and Ehrenfried Walther von Tschirnhaus managed to produce a hard, white, translucent ceramic that closely resembled Chinese porcelain. The Germans didn’t mess around; a factory immediately popped up at Meissen in eastern Germany to meet European demand for porcelain, and they kept their recipe a jealously guarded secret. 

Meanwhile, exasperated by all this secrecy, the French took the approach of just going to China and asking them how to do it. François Xavier d’Entrecolles was a Jesuit priest working in Jingdezhen who observed the kilns, interviewed some of his new Chinese religious converts, and happened to catch a glimpse of the written specifications of how to make the so-called white gold. He wrote home relaying tales of his discovery.

Despite gaining the secret of the Chinese method, all of the earlier European experimentation didn’t turn out to have been a complete waste of time. Porcelain from the Meissen factory produced a similar material to the Chinese stuff, known as hard-paste porcelain, but a whole new type of porcelain called – hold on to your saucers – soft-paste porcelain was also developed in the search for the secret. Even within soft-paste porcelain, the Italians, the French, and the English had all developed their own unique formulae for mimicking the Chinese material, involving different ingredients and firing treatments. 

In the 1740s, two soft-paste porcelain factories were founded in England: the Chelsea Porcelain Manufactory and the Bow Porcelain Factory. The latter was located near the cattle markets and slaughterhouses of Essex, which, gruesomely, provided them with a large supply of bone ash, which is exactly what it sounds like. You know what they say, if you can’t bring the kaolin mountain to Essex, burn all the cows. 

Thomas Frye, the founder at Bow, patented the use of this unusual ingredient in porcelain in 1748. Josiah Spode of Stoke-on-Trent later improved the process and marketed the product as ‘bone china,’ and soon bitter rivalries sprung up between all the English pottery manufacturers, each suspicious of the others’ recipes. On one occasion, a desperate founding partner from the Lowestoft Porcelain Factory reportedly stowed themselves away in a barrel, in a frantic attempt to spy on the mixing of ingredients by their rivals at Bow.

Eventually, in 1771, French nobleman Nicolas-Christiern de Thy published L’art de la Porcelaine (‘The Art of Porcelain’), featuring the detailed production process of the Chinese recipe. However, by this time the Europeans seem to 
have decided that having gone to all this effort of develo­ping their own processes, they actually quite liked their versions after all. Soft-paste porcelains like English bone china were a roaring success, and to this day still form the centrepiece of any quintessentially British afternoon tea worth its scones.

*

Back in the workshop, Darren and I slice portions off our wedged mound of clay, ball them up into lumpy fist-sized spheres, and pile them into a plastic bowl like a bundle of miniature meteors. We carry them over to the wheels and I watch entranced as Darren effortlessly transforms a wobbly lump into a perfectly smooth cylinder in a matter of seconds. It’s incredibly technical when he explains it out loud – ‘Pull up the sides at a constant rate of one finger width per rotation of the wheel’ – but watching his fluid movements reminds me of the people who do tai-chi on the poolside of my lido on Saturday mornings.

Then it’s my turn. I roll up my shirt sleeves, pick up a ball of soft clay and plonk it near to the centre of the wheel. Come on then, demons, let’s see what you’ve got for me today. Wetting my hands, and with my left elbow pressed into my groin, I push my palm against the spinning lump until it stops wobbling. Darren tells me you don’t have to be very strong to do this, it’s more about technique and using your whole body to press firmly against the resistance of the clay. As soon as I bring my hands away, it starts wobbling again. I try a few more times, becoming increasingly frustrated at this stupid wonky lump jauntily mocking me as it lurches around and around, off-centre. I knew I’d still be terrible at this.

‘Bring your hands away like a slow-motion explosion in a cheesy Channel Five action movie,’ Darren gently directs. Smiling, I try again and follow his instruction. Just like that, my moist, chaotic heap becomes a symmetrical mound of perfection. 

I push my thumbs downwards into the centre of the mound and draw them sideways to make the flat base and fat stocky sides of an ugly ashtray, which will eventually become my mug. The next step is to pressurise the base, which involves massaging the bottom of the pot in small circles. This is a step that K and I must have missed in our initial introduction to the potter’s wheel. It doesn’t appear to be doing anything at all on the outside, but apparently there’s a lot going on inside the clay itself.

If you were to shrink yourself down a thousand times smaller than you are now and attempted to dive into this clay, you’d be swimming through water containing hexagonal clay sheets the size of dinner plates. In reality, these plates are about half a micrometre across. To give you an idea of scale, about two hundred of these plates would fit side-by-side across the thickness of a page of this book, or about 20,000 of them if you’re reading this on a Kindle.1

 
In between these particles is water, which lubricates them so that they can slip and slide over one another. This slipping and sliding is what gives clay its plasticity – a confusingly-named property which we met in our investigations of metals. This is not to mean that it’s made out of plastic at all, but that it has the ability to be reshaped. 

But clay that comes out of the ground often lacks this plasticity. Once the potter has dug their clay from the ground and removed all the sticks, leaves and stones, it’s not quite ready to use. Potters would describe clay straight from the ground as being ‘short.’ ‘If you make it into a sausage and try to bend it in half,’ Darren demonstrates with a dried-out piece of clay lying next to the wheels, ‘it cracks.’ Bakers will be familiar with this term too – a short pastry mixture will crack at the edges when you roll it out. This is fine for making tarts, but it’s hopeless for making pots because it lacks the required plasticity. 

To get this plasticity, the clay must go through the process of ageing. This involves wrapping it in a plastic sheet or putting it in a damp room, and waiting. Given time, water slowly penetrates between the clay particles, and the clay’s own weight causes a compression that forms a suction seal between clay particles separated by water. This makes the clay more plastic by allowing the particles to glide over one another more easily, lubricated by the water.

Another process at work here is souring, which involves bacteria breaking down organic matter in the clay. This produces amino acids, which encourage the finest clay particles to group together, forming a gel and giving the clay strength. A soured clay that smells earthy is highly prized, and bits of it will be mixed into other clay to help spread the culture, like a treasured sourdough-starter. Souring can take months or even years, but the longer it is left, the better the clay will become. 

It’s the flat shape of the slippery clay particles that makes clay so materially interesting, and throwing it on the wheel so difficult to master. The clay particles tend to stick together, positioned with their flat surfaces next to each other like the pages of a book. As the potter forms their desired shape, the particles orientate to be in line with the surface of their fingers. Massaging the bottom of the pot in small circles makes sure that as many clay particles as possible are positioned in this way, and this helps to guard against cracking of the mug later on.

Pulling up the sides of a pot involves squeezing the clay wall from both sides with each hand, and slowly drawing them upwards to make the walls taller and thinner as the pot rotates. It was complicated for Darren to explain earlier, and it’s even more difficult to get my fingers around now. Eventually, after rather too many attempts, I have before me a clay cylinder. But this is not the end. There is a very important process to come – handles.

This is unchartered territory. K and I only got as far as handle-less bowls and beakers. First, the pot must be left for a few hours or days in the open air to dry out and firm up, getting rid of some of the water that was added on the wheel to allow it to be – if you’ll pardon the pun – easily handled. I ask Darren how I’ll know the pot is ready for receiving a handle.

‘Consider the consistency to be like cheese,’ he suggests. ‘When it’s fresh from the wheel it resembles camembert or brie. It’s ready for handles when the clay is like a mature cheddar cheese. Dry it like a parmesan and you’ll most likely get cracks around the join.’

To make a handle I create a short and stocky sausage out of clay, hold it aloft with one hand, and then coax the clay southwards with the other to elongate it by repeatedly stroking it between my thumb and forefinger. Once it’s the right thickness, I make my forefinger and middle finger into scissors and chop off a short section. 

Next, I have to prepare the mug to receive the handle. This involves using a sharp pointed tool to score a cross-hatch pattern in the two places where the handle will attach, and applying a runny clay slip to the area. The aim is to re-wet the section of dried-out clay on the mug so that its moisture level roughly equals that of the handle. It’s all to do with shrinkage: the more water there is between the clay particles, the more the clay will shrink when it dries. If there’s too much of a mismatch between the two pieces being joined, the stress caused by differential shrinkage will cause the piece to crack. 

I grip the mug firmly and push one end of the sausage into the prepared area near the rim. I try to blend the handle against the mug as much as possible, and then when I think it’s secure, draw the handle down further to make it longer and thinner. Repeating this process with the other end of the handle near the base of the pot forms my first proper mug. I hold it aloft in triumph. 

After all this excitement, my mug now needs to rest and dry out again to evaporate the moisture from the handle. Then it’s time for firing, which is where the real magic happens. 

*

You can imagine how it went. Having discovered the secret of making fire, it wouldn’t have taken long for our cavepeople ancestors to have noticed mud turning to stone underneath. From bonfires to trenches to highly engineered structures, kiln technologies have developed as rapidly as we have, with stoking holes, chimney stacks, flues and new insulating materials added throughout history to raise the temperature and tweak the air chemistry. Although kilns had been made from brick for most of history, in the 1970s, kiln builders borrowed technology from rocket science to incorporate ceramic fibre insulation to keep the heat in – the same stuff that Agnes used to insulate her blacksmith’s forge. 

Despite this modern space-age approach, the basic principle of kilns has remained the same for millennia; pots are placed in a heated chamber, in which oxygen levels are closely controlled. Behind closed doors, ceramic wares are transformed at the atomic level from clay to pottery, giving them some extreme properties.

When my little mug is heated in the kiln, the first thing that happens is that some of the water – the stuff which is easiest to get rid of between the clay platelets – is driven off. This happens at around 120°C, just above water’s boiling point, but it must be done gently or else the water will turn to steam too quickly inside the clay, and this pressure build-up can shatter the piece. 

But this isn’t all the water. Remember the stuff that is bound up in the atomic structure of the hydrated clay platelets? This is harder to remove because of the strong atomic bonds binding it to the silica and alumina, but about 350–700°C of heat will do the trick. This is called the ‘ceramic change,’ and as this is going on, the clay also passes through temperatures that cause sudden and dramatic transformations. At around 220–280°C and at 573°C so-called ‘silica inversions’ occur. Here, the V-shaped silica molecules decide they want to straighten out. It’s a tiny movement, each only increasing by about 3 picometres in length (a distance about a billion times smaller than the width of a pinhead) but multiplied over the millions and billions of atoms and bonds that make up the pot, it causes a swelling of the whole piece by about two or three percent for each of the two inversions. 

Thanks to all the water that was driven off at the start, the pot’s internal clay structure is porous and open – there are lots of gaps between the particles now – so the swelling doesn’t often cause major structural damage like cracks. Also, around these temperatures, atoms themselves begin to get fidgety. Some of them are no longer happy to stay in their own particle, and instead set off across the divide to form a bridge with neighbouring particles, permanently fusing them together. This so-called sintering makes the mug very strong, which helps to hold the material together even with the adjustments in size from the silica inversions.

With even more heat in the kiln, gases start being released. Carbon and sulphur in the clay combine with oxygen in the air and escape as gases. Meanwhile, progressive vitrification occurs, where the empty pores become filled with glass, which welds them together. Above 1,000°C, mullite gets formed: long needle-shaped crystals that knit together and help to strengthen the material further.

Finally, the mug is cooled. During cooling, the material gradually shrinks, and two sudden shrinkages from the silica inversions reverse the expansions that occurred earlier during heating. If the pot is badly thrown, these shrinkages can put the material under tension, and if this internal strain becomes too much, the pots can crack inside the kiln.

It’s a tense couple of weeks before my mug is fired. I keep thinking about it, nestled in the darkness amongst its bowl and vase friends, becoming strong and mature. My little cup will enter the kiln a fragile blueprint with tentative potential, and emerge from the heat a fully-fledged receptacle of limitless possibility. Did I pressure the base enough? Did I make it with uniform thickness enough to withstand the changing dimensions from 
silica inversions? Is the handle enmeshed enough with the body that it will live up to the everyday stresses required to deliver tea to its amateur owner? Only time 
will tell.

*

A few weeks later, I take my mug down from the shelf where the fired pieces are stored in the workshop. It feels rough to the touch and is surprisingly lightweight, having lost so much water in the kiln. I turn it over to check the base and I am relieved not to find any cracks.

As much as I’m desperate to kick things off with a tasty brew, I can’t use it just yet. My mug’s current state is called biscuit-fired clay, which means that it’s still very porous. If I poured a cup of tea now, it would soak straight into the pores left by the water inside the material. First, it needs to be waterproofed with a thin layer of glass, called glaze. 

I purchased some glazes from a pottery supplies store in anticipation of today, but I can’t remember what the tester tiles looked like in the shop. All I’ve got to go on now is the labels of the sides of the tubs; one is called Muddy Waters, the other Hunter Green. Upon opening them, I discover that Muddy Waters might be better named Congealed Period. Feeling rather more hopeful about Hunter Green, I dip my paintbrush in and give the gloopy blue liquid a stir.

Glazes are made up of a watery oxide soup containing glass-formers (silica, the major constituent of glass, which we’ve already met), flux (alkaline oxides like sodium, potassium, calcium, magnesium and lead oxides) and stabilisers (alumina). When heated, it’s the acid-alkali reaction between the glass-former and the flux materials which cause the glaze to melt and fuse to the clay body. The metallic components of fluxes give glazes their beautiful hues.

In the paint-like glaze on my brush, the oxides exist as tiny grains of crystals. During firing, the bonds that hold the molecules in those crystals together are broken, melting them. As the molecules swim around freely in the newly-created liquid, they come across different molecules from the different glaze components. When the glaze is cooled, the molecules form bonds with whomever their neighbours happen to be at the time, and a strong glassy network of bonded molecules is formed.

It’s been many, many years since I’ve held a paintbrush, yet painting my mug with three thick layers of Hunter Green glaze is deliciously satisfying, and certainly within my hopelessly limited capability as an artist. 

I feel disappointed when I get to the final layer, so much so that I ungloop Muddy Waters and spread layers of that onto a second mug which I had made earlier, having not wanted to put all of my emotional eggs in one basket. The mugs themselves aren’t my finest work by any means, and lovingly applying layers of expensive glaze onto slightly wonky and poorly-thrown pots only reinforces the notion that you can’t polish a turd, but you can glaze one. Now the pieces must be fired again and so, anxiously, I wait once more.

The following week, Darren tells me they’re ready. Muddy Waters has come out surprisingly successfully, no longer a red coagulated liquid, but a glossy, smooth layer of glass which is mottled pale green and brown, with fiery ginger streaks following the various features like the rim and handle of the mug. It’s an impressive transformation. Hunter Green, on the other hand, has come out under-fired – our workshop kiln couldn’t quite manage the temperatures required. It looks dull, matte and, as Darren describes it, plasticky. 

‘I’ll take this one home to fire hotter if you like,’ offers Darren. Pottery is certainly a test of patience.

Meanwhile, I still have my Muddy Waters mug finished and ready for the tea test, the moment of truth. I sit down for a tea break with Darren and nervously pour the boiling water in – just like the molecules under dangerously intense strain in soda lime glass, sudden heating like this can break a ceramic piece through thermal shock if the expansion of the clay body and the glaze are too mismatched. I have anxious visions of the mug suddenly cracking in two, spilling scalding liquid over my hands and legs. 

Fortunately, this scenario doesn’t come to pass. My hands are soon wrapped over its roundness; mugs have got to be one of the most comforting objects in existence. What situation wouldn’t seem a bit brighter after a mug of cocoa or coffee with a friend? As I sit and stare into the steaming brew, I marvel at how my hands are protected from the scalding liquid by just a few millimetres of material. It reminds me of the stoic ceramic moulds from the iron-pour happily holding orange-hot metal. No other material would be up to this feat; metal or plastic would be hopeless.

I remember how I’d seen ceramic materials be a shield against the harshness of heat in a totally different setting, back during the depths of my doctorate depression, over 4,000 miles away from where I sat with Darren and my Muddy Waters mug. 

*

One of the perks of being a scientist – at one time I might have glibly said the only perk – has been the opportunity for international travel. During my doctorate I worked with a small company who specialised in researching lightweight materials for storing hydrogen gas inside solids. The idea was that these solids could replace batteries with hydrogen-powered systems for portable applications like cars, drones and laptops. The company rented labs in both Didcot, Oxfordshire, once named the ‘most normal town in England,’ and also at the NASA Kennedy Space Center in Florida. I was given the chance to get out of the basement laboratory and work in one of these labs on placement. Guess which one I opted to visit.

Florida in February was a dream come true. Every day I would wake up in my studio flat, go for a run in the warm, bright sunshine past palm trees and – distressingly – full-size alligators lolling lazily by the water. I’d dress professionally for work (a novelty) and drive my hire car over the causeway to Cape Canaveral, seeing dolphins playing in the waves. 

I was there to carry out experiments on filters. The hydrogen storage materials we were working on (of my comedy-debut fame) released hydrogen when heated, but along with hydrogen they would give off other toxic gases like ammonia and borazine. We were relying on hydrogen fuel cells to convert this hydrogen into electricity, but they were extremely sensitive and completely intolerant to anything other than hydrogen in their fuel inlet. So, my job was to find a material that would selectively filter out all the nasty gaseous contaminants, leaving pure hydrogen gas for use in the fuel cell.2


On my first weekend in Florida, I visited the NASA visitor centre. Here, my favourite exhibit was the Space Shuttle Atlantis exhibition. It started with a group of about one hundred people crammed into a darkened room, and we watched a film about the space shuttle program. The loud patriotic music, the sense of peril, the greatness of the mission and the achievements of the scientists pulled at all my homesick heartstrings, and by the end I was welling up. As the film finished, the screen became see-through, and behind it was the actual Space Shuttle Atlantis displayed at an angle so that the whole of its underbelly was visible. 

Clearing my throat and getting rid of that dust in my eye, I walked along its length transfixed. Its underside was covered in small black tiles, the nose and the fronts of the wings too, and the rest of it with white tiles, like a sort of cubist taxidermy seagull. The tiles were streaked with scorch marks from nose to tail – the remnants of this spacecraft’s extraordinary returns through the Earth’s atmosphere – a feat that was only made possible by ceramics. 

NASA used the same science that allowed my mug to protect my hands against hot tea to shield their astronauts from the heat of re-entry; it’s all thanks to the microstructure of ceramics. This is at the scale where the clay particles have become welded together with glass, which we met in the firing stage. All of these different particles and substances within the overall material put a lot of pores and interfaces into it.

These pores and interfaces are defects, which again sounds bad, but they are actually the key to the astounding thermal insulation of ceramics. As we’ve seen throughout these chapters, heat is conducted through materials 
when energy is transferred between atoms to their neighbours.

There are two ways heat can be transferred. For the heat-transfer in James’s plastic-moulding method, and for my mug – in fact for any material below around 400°C – the Mexican wave of energy transfer is orchestrated by phonons. The hot atoms bump into their colder neighbours and warm them up, making them vibrate more. This all works brilliantly, until something in the structure goes wrong. A missing atom in the Mexican wave, a change of material, or two waves meeting and confusing things. The more of these molecular imper­fections there are, the worse the material is at conducting heat. And, as already mentioned, ceramics have a lot of imperfections.

Above 400°C, certainly for the Atlantis tiles, which were operating in excess of 1,200°C, a different mechanism takes over; the similarly-named (but annoyingly completely different) photons. As we saw with glowing hot steel, hot atoms emit photons of light. We previously thought of photons as electromagnetic waves, but as I warned at the beginning of this book, in the world of atoms and quantum mechanics, waves and particles become two ways to describe the same thing.3
 The whole wave-particle duality thing isn’t actually so important here; the point is that these photons given off by hot atoms are absorbed by neighbouring atoms and their energy is transferred.4
 Here, too, lattice imperfections like pores and interfaces intercept and scatter the photons, and so the more porous the material, and the more material boundaries there are in it, the more insulating the ceramic.

So, to make a material as insulating as possible, you want to stop the transfer of energy between atoms by both photons and phonons. To achieve this, the space shuttle tiles were made from high-purity amorphous silica fibres. Amorphous, if you remember from the glass chapter, means its atoms aren’t in any organised structure (so not like a crystal, for example), thwarting those Mexican wave phonons, and the fibres gave plenty of boundaries to scatter the photons, as well as resistance to cracking.

NASA’s engineered ceramics were able to withstand temperatures of re-entry up to 1,260°C (higher-temperature carbon-carbon composite tiles were used in the hotter areas on the nose cone and the leading edges of the wings). Across a distance of less than the width of your hand, the tiles were able to keep the aluminium shell of the aircraft below 175°C and get the astronauts safely down to Earth, unsinged. 

At the end of my visit I purchased a NASA mug from the gift shop, in homage to the remarkable Atlantis ceramics. Thanks to the work of countless potters like Darren throughout history, who developed the best methods and materials for heat-resistant and durable wares in the home, NASA’s scientists were able to engineer those materials to the extreme, and bring astronauts safely back to Earth. 

All too soon it was time to return home from my Floridian holiday I mean important work trip. I kept my NASA mug in the office because I needed the comfort of a cup of tea on those long afternoons in the basement lab. But this turned out to be a mistake, because one morning I approached the sink and there was my beloved NASA mug, lying on its side with its handle snapped clean off. Raging, I sent a snarky email to the group daring the culprit to own up to their crime, my suspicions loosely veiled.

In retrospect, I suppose it is possible that my mug was broken by mistake. After all, ceramics are notoriously susceptible to breaking. In materials-science language, they are very low in toughness.

The reason is this. Unlike metals, the atoms in ceramics can’t easily slide past one another; the bonds holding them together are much stronger than those between atoms in metals. This means that when the material experiences stress, like the force of being dropped into a sink, rather than being able to absorb the energy of the fall as a dent like a metal would, that energy gets concentrated at defects in the material, just as how the stress in my broken steel gear-cog tooth concentrated at the weak carbon spots and led to its failure. As we have established, ceramics inherently contain many defects, like internal pores and pointy particle corners. 

The fact that the stress concentrates at these defects makes them danger zones for forming fatal cracks. There is a critical point, when the concentrated stress at a defect is large enough to tear apart the bonds between atoms, at which a crack will form and propagate, which leads to a fracture in the material. 

Of course, nobody owned up to breaking my mug. So it became a materially over-qualified pen holder, but a confidence-boosting reminder that at one stage, I had been a NASA scientist. Sort of.

*

Clay offered me vital escapism throwing pots with K until the day I managed to escape for real, paying for my freedom with a 200-page doctoral thesis bound in a blue softback cover, with gold lettering down its spine. As I cleared out my desk into a box on my last day, I wrapped up my broken NASA mug next to other pots that had been spared from the Graveyard. Into the box went my thesis as well as my laboratory notebooks, and with them the written records of what I’d endured. Securing the box shut with tape sealed the fate of those secrets to remain untold. 

One of the last pots I made with K was a medium-sized, round vase with a small hole in the top, fitted with a lid and glazed in glossy dark orange. She made one too. We used a black pen-like glaze to draw on them in the style of Greek pottery figurines, featuring key diagrams lifted from each of our doctoral works.
 
Into this urn I poured the ashes from a burnt copy of my thesis. It felt cathartic to watch the paper smoulder one night, surrounded by friends, its blue jacket engulfed by flames. Onto the bonfire I added those back sheets from my lab book, the only evidence of what had gone on down in the basement laboratory. I knew from experience that the information contained in those pages would only bring me further misery were I to pursue justice. Or worse, absolutely nothing would happen at all. 

Today, my NASA mug has been replaced on my desk by my handmade mugs glazed in Muddy Waters and Hunter Green after a successful second firing. The mugs are by no means perfect – nobody would look at them and think their maker was anywhere near mastering the wheel – but to me they signify my place on the road to healing. Throwing with clay has taught me that it takes time to get better. Each time I drink tea from my mugs I contemplate clay’s remarkable properties. Maybe it is possible to be strong, hard and resilient and fragile at the same time. And maybe that’s okay.

Not only, then, are objects such as NASA mugs and trumpets capable of a great sentimental hold over us, but the process of making them is also able to alter our emotional state. For me, this manifested in using pottery to find happiness in an otherwise depressing period in my life. You might have had a similar experience with baking, drawing, or any number of other creative processes. 

Speaking of things that have a hold over our emotions – I’m reminded of one material that has flaunted its ability to alter my mental state more than any other. So far, we’ve stayed safely within the bounds of the formal materials-science curriculum – glass, plastic, steel, brass and ceramics were all leading characters in my materials education. All aboard, then, as we step beyond these comforting home shores, and embark on an adventure with a seductive and mind-altering substance.

Notes

1 Apologies to audio-book listeners.

2 Funnily enough, the results from my experiments found that a clay-like mineral called zeolite might be the best for scrubbing the contaminants out of the gas flow.

3 I realise that I promised in the glass chapter that we wouldn’t be messing around with quantum mechanics any more, so I apologise. This is definitely the last time.

4 Or indeed, are absorbed by atoms much further away. Since 
photons are electromagnetic waves, they don’t rely on physical collisions between atoms to travel.
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Sugar


About 2 miles off the French coast, west of Calais.

‘Anna – tell me why you’re swimming,’ shouts the bearded boat pilot, leaning out from his cabin. 

Treading water, I sob and shake my head. Why am I doing this? Even if I knew, my brain is too chaotic to formulate words or sentences. My lungs are on fire, my tongue feels like leather and my left shoulder has been giving me a sharp stabbing pain with every stroke since the sun came up. It’s now high in the sky, and I can see the red, rocky cliffs of the French coastline in high definition. 

He hands me a drink, and as it glides down my salt-ravaged throat I feel its energy hit me like a breaking wave. This warming, magic potion tastes of sugary coffee, and with a jolt it kicks me from despair to determination. 

Without answering him, I stick my head down and start to sprint towards land. 

*

Fourteen hours earlier, I was standing on Shakespeare Beach in Dover under a perfect July sunset, arm raised in readiness, waiting. Some way offshore bobs the boat that will be accompanying me as I attempt to swim the English Channel; twenty-one miles across from England to France. Through my goggles I can just about make out three figures standing along the starboard side; there’s Sally, English Channel swimmer and Matriarch of the Seas, whom I had befriended simply on account of becoming a regular at London’s lidos. Whilst swimming is mostly a solitary sport, we had both clocked each other as the person staying in the pool for the longest and become friendly on account of our shared enjoyment of endurance. Most of why I was standing on that beach was Sally’s fault. In summers gone by we would spend many happy week­ends splashing up and down, and she would often tease me by saying ‘You’re going to swim the Channel one day,’ a wry twinkle in her eye. Back then, I would just laugh and roll my eyes, ‘Yeah right Sal, I could never do that!’

Next to her stands Ash, my swimming soulmate, whom I’d met two years previously on the holiday where the idea of swimming to France had transformed from laughable to possible. Many of the other swimmers on the trip had either already swum the Channel or were training to. I realised that these were all ordinary human beings who just happened to be doing extraordinary things. They were no better or worse at swimming than I was, and if they could do it, then why couldn’t I? This would come to form my secret answer when people asked me agog why I was attempting such an endeavour. Because I probably can, I would think to myself. ‘Why not!’ I would tell them out loud.

Third stands Mike, tall and broad, an ex-policeman and the sort of person who you would instinctively trust with your life in an emergency. I had met Mike on that same trip, and when he told me he could be in the crew driving boat to accompany me across the Channel, my mind was made up. He was a Channel swimmer too, and every weekend that summer we would train together in Dover harbour, swimming round and round in a one-mile loop to ready my body and mind for the mammoth 
task ahead. The route around Dover harbour is mapped out with colourful buoys, and the repetitive circuit became seared into my memory; swim to the red buoy, then to the green buoy, to the yellow buoy, yellow, yellow, yellow, yellow, yellow, to the harbour wall, then turning back to swim along the famous white cliffs, past the Premier Inn, and down the long row of seafront flats back to the beach. 

Inside the cabin out of sight sits the boat’s pilot and captain, and the observer; an official representative of the governing body of Channel swimming, whose responsibility is to uphold the many rules of the sport. The swimmer may only wear a regulation swimming costume, goggles and standard silicone swim cap. The swimmer may not stop and rest on the boat. Disqualification follows any swimmer touching the boat or a member of their crew. This attempt had already cost me my life savings in fees, training costs and memberships. Disqualification was not an option.
 
I look beyond them all to the impossibly vast sea. Somewhere beyond that pink horizon lies France. After weeks of restlessness and waiting, this is my moment.

My reverie is broken by the boat’s siren, my cue. I wade into the cool water over painful jagged pebbles, aim for the horizon, and start putting one arm in front of the other.

I had just one material on my side in this endeavour, and its multitude of forms represented my arsenal in the upcoming battle against the seas. It was hidden inside soft foam and gooey glaze: chocolate Mini Rolls. It sat nestled atop a creamy-coloured paste wrapped around pink and yellow sponge: Battenberg cake. Under jaunty plastic packaging it lay waiting: Jelly Babies. It sloshed about in plastic bottles, rolling with the steady rocking of the boat, ready to spring into action and deliver its precious boost contained within: energy drink. This material would structure the whole swim, dictating how frequently I could stop, and the only thing that would keep me going. It would give me a final burst of energy, and it would alter my mental state more powerfully than any drug. This is the story of how that night unfolded. This is the story of sugar.

*

Substances we refer to as sugar can take many more forms than just the familiar crystalline grains we find in forgotten corners of our kitchen cupboards. It can be a dark, viscous, syrupy liquid or a fine chemical powder, a sticky gum, fluffy pink fibres or a brilliant crystalline geode. The story of my swim adventure is intertwined with this substance – these substances – but its materiality remained a mystery to me. I wanted to find out the secrets of sugar and its important role on my Channel swim. So, back on dry land many months later, I turned to artist and sugar researcher at the Institute of Making, Ellie Doney, who has dedicated her studies to an unexpected material class – food. 

‘I guess I just see sugar as a mega-material,’ she says when we meet, ‘more like a force,’ and plonks down her treasure-chest of sugars.

The first form of sugar Ellie shows me is a gem-like rock. I hold it in the palm of my hand, enchanted by its perfectly flat facets and transparent interior. It’s a much larger version of the tiny grains you’d expect to find in an average bag of sugar. This is a single crystal. All of the crystalline materials that we’ve met so far in this book – and indeed most that you will have come across in your day-to-day life, be they milk bottles, snowballs or trumpets – will contain many thousands or even millions of individual crystals. In each one, the atoms and molecules all stack up in their rightful places in their pre-determined structural arrangement. Often, though, mistakes happen in the structure to cause a new crystal to start growing off at a different angle or in a different place. This can happen when the material is formed by being cooled quickly from the melt or if it’s been subjected to bending or shaping when cold. The result is a bunch of crystals all crushed together, and angled differently to one another; this informs the grains and grain boundaries we met with brass.

To avoid these mistakes and make a single crystal requires great care and nurturing as it forms. Mostly, single crystals are grown from either a molten liquid, or a supersaturated solution, where the solid of the material you want as a single crystal is dissolved in a liquid as much as it possibly can be. In both cases, impurities have to be eliminated, and the crystal must be given time to grow slowly – rushing the process can result in multiple crystals forming.
 
But it’s worth doing, because without the weak points in the structure, single crystals take on superhero material properties. For example, the nickel superalloy blades at the heart of an aeroplane’s jet engine are grown as a single crystal. Not only that, but the crystal itself is carefully orientated to align with the shape of the blade, which enables it to withstand cracking and morphing when spun at around 1,000 miles per hour inside the engine’s compressor. Single crystals are vital for the silicon chips upon which our entire digital world is based, because any boundaries between crystals would confuse the flow of electrons through the chip, like water disappearing down the cracks in a pavement. In the case of diamonds, the more pristine the single crystal, the more valuable the gemstone.

The most enchanting thing of all about single crystals is that their shape gives us a clue as to how those layers of atoms and molecules coordinate at the tiniest scale. A single crystal of salt, for example, is a perfect cube, because the atoms that make up salt are precisely stacked at ninety degrees to each other. In ice crystals, the angles between water molecules follow those of a hexagon, so snowflakes always have six-sided symmetry. The molecules that make up sugar arrange themselves at a more skewed angle, so the resulting crystal is more of a 3D parallelogram shape. By looking at this gem of sugar, I’m peeking behind the curtain of how the material world is made. 

Next, Ellie introduces me to the conflicting dualities of sugar – ‘It’s a preservative and yet it rots our teeth, it’s a giver of life but a bringer of death’ – and no experiment embodies the conflict between sugar’s good and evil as much as the ‘sugar snake.’
The ingredients are just table sugar and bicarbonate of soda, in a 4:1 ratio. We set a little mound of the white granular mixture onto a ceramic dish filled with sand doused in liquid fuel. On igniting the fuel, the chemicals – it’s odd to think of sugar as a chemical, but there it is – start to heat. At first, the edges of the mixture turn brown, caramelising the sugar. After a few minutes, black fingers begin to curl at the edge. One by one they coalesce, until the whole pile has blackened and begins to lift off from the sand, pushed from beneath by the angry mound. Into the air it reaches up and up, like a wizened old tree, until it falls sideways in slow-motion to curl sinisterly along the table towards us. I thought I was pretty familiar with making with sugar through baking, but this is something wholly different to a Victoria sponge.

This reaction between sugar and bicarbonate of soda reveals the constituent elements of sugar: carbon, hydrogen and oxygen in the form of the black solid carbon and water vapour, which emerge from the pristine white granules. These elemental ingredients give carbohydrate – a category of substances into which all sugars sit – its name.

The gnarly, animalistic form of the sugar snake grows ominously across the table towards us. To the touch it is soft, a delightfully delicate and lightweight foam; sugar plays tricks on the mind. Like an evil creature rising from the flames, this black snake viscerally reveals the dark side of this delicious glitter. At the start of my Channel swim, as I made my way from the shallows of Shakespeare Beach into the darker water beyond, I was about to discover just how deceptive sugar can be.

*

With the average Channel swim taking around fifteen hours, the swimmer must stop regularly to refuel with energy. My plan is to do this every hour, organising the swim into sixty-minute manageable chunks; as a fast, rich source of energy, sugar structures the whole swim. Without a watch or any sense of time in the water, the timing of these ‘feeds’ is the responsibility of my crew.

The first feed rolls around soon enough. Ash is feeding me warm squash from the boat, laced with a special carbo­hydrate powder. She leans over the side, long curly hair 
not even catching a whiff of breeze on this still evening. I swim over to her and she tosses the milk bottle on the end of a string in my direction. It swings and sways as she tries to get it close to me in the water, an infuriating pendulum, wasting precious seconds as it misses my outstretched 
grasp. Though my goggles are foggy, I can see the observer peering round their clipboard, watching closely from the cabin for any illegal touching. 

The energy-giving powder is maltodextrin, a poly­saccharide made from lots of sugar molecules all joined together into long chains. This one has been specially designed to supply my muscles with the energy to keep swimming for (hopefully) many hours. 

I mixed the maltodextrin up with water at home before the swim. The powder particles are very fine, so have a high surface area compared to their tiny volume. This makes them very fast to dissolve in water, as does their chemistry. It’s all due to an effect called polarity. Atoms of an H2O molecule arrange themselves in a V-shape: two hydrogens on one side and one oxygen at the other. The hydrogens are slightly positively charged, and the oxygen slightly negatively charged. This gives them the name ‘polar’ molecules. Similarly to how a bar magnet has a north and a south pole, polar molecules like water have two sides that are oppositely charged. One consequence of this is that water molecules like to stick to each other – opposite charges attract – which is also what makes belly-flops so painful. The attractive forces between water molecules create strong surface tension on a swimming pool, which resists breaking by your belly and causes an agonising smack. 

The maltodextrin molecules are, like many sugars, also very polar, meaning they have areas of positive and negative charge. The attraction between the oppositely charged areas of sugar and water makes sugar hydrophilic, so it is attracted to (literally ‘loves’) water, and is very easy to dissolve. In fact, sugar molecules such as maltodextrin are so soluble in water that almost half of this transparent liquid feed is actually sugar, an energy density I am thankful for as I gulp it down whilst treading water. The warm liquid fills me with strength, a comfort against the chilly sea temperature of about 17°C. 

Darkness is rapidly approaching. This is very different from a terrestrial dusk; night for the swimmer arrives first not from the sky, but from the water. Inkiness diffuses upwards from the deep until I’m swimming through a blackened fog. The water feels oddly softer than before, its sound amplified by my dulled sense of vision. I am alone with my bubbles.

I think of the motivational quote which my Dad had sent me the night before: ‘The best view comes after the longest climb.’ Not much of a view in the dark, is there? At the third feed I look behind but I can’t see any white cliffs, just some orange lights in the town.

‘Don’t look back!’ warns Sally from the boat, on her hands and knees reaching through the boat’s railings.

At each feed I take on the drink and a solid snack, with Sally in charge of feeding me the latter from a cup on the end of an enormous telescopic pole, lest any prohibited contact occur. It’s somewhat unwieldy as she dangles herself over the side and aims it for my vicinity, the boat rolling gently. Into the sea it inevitably plops, and I grab at its contents, annoyed. A chocolate Mini Roll. I breathe a huge sigh of relief. 

I remember a training swim from five weeks before. Six hours of swimming laps around Dover harbour, starting at 4am because it’s – and I quote everyone to whom I later complained – ‘all’ ‘good’ ‘practice.’ We stopped for a feed two hours in. I relished in the ridiculousness of crouching in the murky shallows and chowing down on a chocolate Mini Roll at 6am. As I sat for a minute to savour the bonkers moment, a forlorn escaped Mini Roll floated past my elbow, and I plucked it from the muddy waters. My lucky day. 

The Mini Roll is a masterpiece of swim-snack engineering, the perfect composition of air pockets encased by soft solid walls. Its interconnected spongy cells allow the icing filling of the Mini Roll to penetrate its cavities, creating gradients of texture as foam repeatedly blends into cream in a miniature spiral. The air pockets of the escaped Mini Roll act as a built-in life vest, allowing the roll to bob around on the surface of the sea, gleefully buoyant on the wavelets by the shore.

The sponge stays safe, protected from the devious brine by a solid coating of chocolate. The layer makes a watertight seal around its precious cargo. Chocolate, like fibreglass, reinforced concrete and plywood, is a composite material, made up of two or more separate materials intermingled together. Unlike alloys, where different elemental components are combined at the atomic level, in composites, the individual materials exist as themselves, but are combined structurally; composites are materials brought together closer to the human scale than the tiny atomic domain.

A bit like cross-breeding pedigree dogs, the theory behind composites is that, in combining two materials, it is possible to create a new material with the beneficial characteristics of both of its constituents. For example, carbon-fibre reinforced plastic (known colloquially as just ‘carbon fibre,’ or annoyingly in the elite cycling world as simply ‘carbon’) combines the fantastically lightweight nature of plastic and the strength and stiffness of carbon fibres to make a composite that is strong, stiff and lightweight. 

In chocolate, the aim of the exercise is rather tastier; the material ingredients are cocoa butter, cocoa solids and sugar. Each contributes differently to chocolate. The cocoa solids deliver flavour. The fatty cocoa butter is hydrophobic (meaning ‘fears water’), the result of which is that its molecules repel the seawater like oil, providing the swimmer with ample extra time to pluck the Mini Roll from its nautical escape voyage and thank their lucky stars for this good omen. 

The sugar in the Mini Roll is sucrose. It’s the most common form of sugar in food and baking, and it brings sweetness and energy to the party. Sucrose is made of two molecules bonded together: glucose and fructose. Each of these in turn, like all carbohydrates, are made from carbon, hydrogen and oxygen atoms bonded together. Sucrose is made by plants as they photosynthesise as a way to store energy; sugar is solid sunshine, a thought I would have welcomed as the sun was setting on my swim.

*

Out of Ellie’s sugary box of delights, she thumps down a thick rod of what looks like bamboo onto the table. On closer inspection, it’s not hollow like bamboo, but made from a dense bunching of fibres. She invites me to chew down on a small piece, and the sweet juices ooze between my teeth. This is dried sugarcane. The fact that it’s possible to extract a magical crystalline gemstone from this long, unimpressive stick, tells of sugar’s ability to fascinate and deceive, to mystify and beguile.

The transformational process from old stick to addictive diamond was originally invented in India around 2,000 years ago – our word for sugar comes from the Sanskrit for grit, śarkarā. It was exported to the Greek and Roman empires, who used it as a medicine to treat digestive complaints. Over the following centuries, the technology of sugarcane crystallisation spread east to China via Buddhist monks, and to the west by the medieval Islamic world, where production methods were improved, with sugar still used as a medicine as well as being marketed as a fine spice.

Sugar’s place as a culinary and pharmaceutical spice oddity remained throughout the European medieval period. By the 15th century, Europeans had developed a sweet tooth for it, but its import was proving prohibitively expensive. In 1493, Italian explorer and coloniser Christopher Columbus took sugarcane to the Americas where it thrived, and the following decades saw an explosion of sugar production across the tropical Americas and the Caribbean. 

The colonisers initially used Native American and European workers to work in the sugarcane plantations, but foreign diseases decimated the indigenous population. Soon, enslaved people from West Africa became the dominant workforce of the plantations. The European-
led slave industry saw captured people from West Africa transported across the Atlantic for more than three hundred years up to the early 19th century. In total, it is estimated that twelve million Africans were forcibly removed from their homes, of whom around ten million survived the transatlantic journey to work on sugar plantations in the Caribbean, Brazil, Guiana, and North America. The industry brought unimaginable power and wealth to Europe at a deadly cost to the millions of people it exploited.

The process of reducing and refining sugarcane was dangerous and backbreaking work. The enslaved people had to negotiate boiling kettles of sugarcane juice, high pressure pans, hot open furnaces and treacherous churning rollers. First, the plant is sliced, mixed with water and crushed to extract the juice. This juice is then boiled to make a thick syrup, and impurities are removed. Finally, the thick juice is crystallised, making a slush of sugar crystals mixed with a thick brown liquid.

This liquid is called the molasses. Ellie hands me a jar of the stuff, a dark, viscous treacle. I cautiously place a quarter of a teaspoon onto my tongue, and my nose and mouth explode with a sour, bitter, vegetabley feeling. I imagine it’s a bit like eating a concentrated stock cube. The flavours are similar to brown sugar, but without the sweetness. 

The rich, crystalline slush would have been put into a terracotta clay mould with a hole at the bottom. Over time, the molasses would drip out of the bottom, and the result was a solid, bullet-shaped sugarloaf. The ‘claying’ process involved smoothing wet sludgy clay onto the top of the mould. As we’ve seen, sugar is hydrophilic – its molecules love water – and clay contains a lot of water, so the sugar would pull the water out of the clay, which would drip through to the bottom of the loaf. This further purified the sugar, making it whiter and whiter.

This was the stuff sold to Europe – it was more ‘refined’, and Europeans were going sugar crazy for jams, candy, tea, coffee and sweets made from the stuff. There was great money to be made in sugar; in fact, it’s important to remember that sugar financially fuelled many of the material inventions of the European Industrial Revolution described in this book.

But British consumers had begun to catch wind of the horrendous truth of where their sugar was coming from, and its true cost. Many boycotted it, and campaigned for the abolition of the slave trade. Their objections were weighted by the publication of writings by currently or formerly enslaved people, and the power of the consumer eventually won out in this brave new capitalist world. The industry was dismantled, and former slave owners were financially compensated by the government for 
their losses. The formally enslaved people didn’t receive a penny. 

With the benefit of historical hindsight, we know that sugar, as a substance, didn’t end with abolition. During the Napoleonic wars of the early 19th century, Britain cut off Caribbean exports to France. To combat this, the French turned to an alternative sugar source, which could be grown closer to home. Sugar beet, of the beetroot family, contains a plentiful concentration of sucrose, and by the middle of the century it had been industrialised to produce sugar from the fields of Europe. 

Ellie has brought one to show me. It’s like a grotesque oversized parsnip, brown and muddy on the outside, with beige flesh inside. The flavour is one-dimensional and blandly sweet. Today, both sugarcane and sugar beet play a part as the raw materials for our insatiable appetite for sugar.1
 And nobody’s appetite for sugar is more insatiable than the energy-hungry swimmer’s. 

*

I swim throughout the night, getting stung on the arms, legs and face by invisible jellyfish. I keep track of time by counting the feeds. With each breath to the left comes eerie blackness and intense sensory deprivation. With each breath to the right, I look intently to see what everyone’s up to on the boat, eyes wide behind my goggles. I seek a brief flash of eye contact from Sally, my crew member who’s swum this route before and knows what this feels like. I feel awfully alone if I don’t get it.

At the next feed, I reach into the cup and feel a soft, oblong, fist-sized object. It’s a slice of Battenberg cake. As I stuff it into my mouth, the thin marzipan layer gives way to the delicate sponge of pink and yellow cake, and the sugar crystals on the surface scratch and crunch between my teeth. Its natural moistness makes it easy 
to swallow, and in that moment it’s not just cake, it’s 
Sally saying it’s alright. It’s all going to be okay. We’re with you. I know it hurts but you’ve got to keep going. Placebo.

Of all the cakes out there, Battenberg is the unanimous champion in my eyes. When the going gets tough in the water, Battenberg is the ultimate motivator. But this extreme favouritism has always been puzzling to me, since there are many fantastic cakes out there. So why Battenberg?

Well, what sets Battenberg apart from your Victoria sponges or your red velvets is the marzipan coating. Made simply from sugar and ground almonds (another composite!) plus a binder, marzipan is notoriously, almost sickeningly sweet. However, when you’re sea swimming, the over­whelming taste is salt. The night I attempted to swim the Channel, I found out the hard way that I seem to swim with my mouth slightly open, so my tongue soon became attacked by salt water. 

Our tongue’s taste buds allow us to sense flavour molecules, and each bud is covered with special taste cells fitted with receptors, ready to sense a flavour when food hits your mouth. When a flavour molecule comes into contact with one of these receptors, the cell sends a signal to the brain to register the taste. In 2011, scientists found that mouse tongues have some sweet receptors that are only triggered in the presence of sodium, in sodium chloride AKA salt, for example. So if this is also the case for humans, then swimmers, with their mouths sloshing full of sodium, get flooded with extra flavour from sweet snacks. The popularity of super-sweet Battenberg would suggest that the sweeter the food, the stronger the effect. Which also helps explain why few of us swimmers are especially bothered about Battenberg on dry land. 

Of course, not everybody welcomes the highenergy content of sugary foods. Scientists have made a great many materials that mimic the sweetness of sugar without the calories. The aim is to produce molecules that are similar shapes to those of sugar, so that they are registered by the sweet receptors, but that are not broken down by the body to generate too much unwanted energy. To illustrate, Ellie produces a series of mysterious jars and packets from her box. The first is a packet of xylitol, which looks like granulated sugar, and certainly gives the impression of sweetness, but it doesn’t make me want to eat more of it. It feels cold on my tongue, and I’m bereft of sugar’s warm and fuzzy feeling. Next comes sucralose in the form of a tiny sweetener tablet, dispensed with a click from a small plastic box. Again, it gives an explosion of sweet, but without the delicious feel-good dopamine kick. 

The next sugar comes from a tub which reminds me of the plastic chemical containers used to store all the nasty substances in my laboratory. Inside is a fine white powder, called mannitol. It’s a synthetic sugar, used by professional chefs to make clear sugar sculptures. The major benefit is that it’s not hygroscopic, so it won’t absorb water from the air and wilt over time if you stick a shard of it in the top of a cake. I take a half a spoonful – it’s sweet – and as I do so, Ellie tells me that it’s also used as a drug for drawing water through membranes. Oh good.

Finally, a jar of transparent, colourless, viscous liquid; glucose. Glucose in this form is used by professional chefs and bakers to add texture and structure to foods like ice creams. It has the look and feel of PVA glue, and the taste of PVA glue, too. None of these lower-calorie alternatives brings me any sort of joy at all; it’s as if my body can tell the difference between a food that will deliver me vital energy, and those that won’t. The psychological power of sugar, and the lack of it, is abundantly clear to me as a swimmer.

*

Eventually, after a long and dark night, the inky water begins to turn grey. The new day’s light creeps first into the bubbles that flow down my outstretched arms each stroke; they transmute from dark steely orbs to dazzling flashes of quicksilver. As more and more light creeps into the water, I push on. We switch to 45-minute feeds, and I count in groups of four to make up three-hour chunks. 

After one of these feeds, I set off again but the sea is suddenly moving. It’s gushing past me and I feel like it’s pushing me backwards, further and further away from the back of the boat. I battle against the water but I’m too small, I feel too weak to fight it. At the next feed I shout ‘Guys, what’s going on? Why am I swimming on a f***ing treadmill?’

Shouts of ‘Keep going Anna, you’re doing really well!’ chorus from the back of the boat. 

This is what we in the industry call a Sense of Humour Failure(TM), and it’s all sugar’s fault. Swimming in cold water like the Channel can burn up to nine hundred calories an hour. The aim of the game is to consume as many calories as you’re burning by regularly taking on energy for your muscles to burn. But even the most dedicated doughnut eater would struggle to consume that much. Trust me, I’ve tried. The liver and muscles give you a starter store of energy worth around two thousand calories, and for the first few hours, this gets depleted and topped up and depleted and topped up, but eventually it will run out. 

At this point, the body switches to its other energy store; fat. When this happens, the brain begins to panic, because it thinks that you’ve started to digest yourself. It does what it can to stop you doing so much stupid exercise, an in-built self-preservation mechanism. It makes you want to stop. You feel hopeless and delirious. You behave rather out of character. 

For example, two years previously – before I had an adequate appreciation of the need for a methodical approach to refuelling with sugar – I was halfway through swimming the length of Lake Windermere in Cumbria, a distance of about ten miles. My friend Emma was kayaking next to me, and we had made sure to bring some provisions – digestive biscuits, a bottle of water, a banana or two – and had set off in the morning, hoping for the best. 

We would stop periodically, and Emma would offer me a drink or a biscuit. I had a couple of sips, but couldn’t handle the dry desert of the digestive. By four hours in I was starting to seriously flag, and by five hours in, I was hallucinating penguins. Every little wavelet that hit my face felt like the water telling me that I couldn’t do it, that I didn’t deserve to be there, that who did I think I was, coming out here with just a few digestive biscuits? Amateur. Give up, just stop. My goggles were filling up with tears and each headland seemed to reveal just more endless lake stretching out in front of me. 

So, when I next breathed to the right and saw beyond Emma not the wooded shores of the lake but the bow wave of an enormous pleasure boat full of pensioners clutching champagne and curiously peering down to us, I had a Sense of Humour Failure(TM). 

You have to understand that what I said next was entirely the result of a lack of energy, severe exhaustion and dehydration. It wasn’t my finest moment, nor am I especially proud of it. 

But I might have shouted at them ‘F*** OFF YOU F***ING BOAT ****S.’2


See? All sugar’s fault.

Back in the mid-point separation zone of the English Channel, Mike says nothing in response to my little outburst about treadmills. He just points behind me. I spin round to see the red-hot ball of sun resting on the horizon, pink and orange streaks blending into the pale blue of morning. Blinking into the dawn, I realise I’ve swum all night and survived. Not only that, but this frog’s-eye vision of the sun rising out of the middle of the sea, with no land visible ahead or behind, is the single most beautiful sight I’ve ever seen.

The best view comes after the longest climb. 

It turns out that swimming on a treadmill is what it feels like when a huge spring tide is turning. And just like that, as soon as it came, it went again, and we proceed. 

Now that it’s light, I can see how spectacularly calm it is out here, and there are more boats out and about, too. On one of these morning feeds I am given Jelly Babies, a swimmer’s best, best-ever friend. 

With his rounded tummy and cheeky face, the Jelly Baby is a morsel of perfection. As his dusty back comes to rest on your tongue, your teeth impale his soft body and crack his hardened exterior to ooze and squeeze out his innards, somehow giving you the motivation to swim on to the next feed. As you set off again, the baby is still there. His sugary juices having become a syrup, coating the inside of your mouth and cheeks, tongue, tonsils and throat. The stickiness creates strings that trail from the corners of your mouth like fangs, and for a brief time, you are held in the Jelly Baby’s care from the salty onslaught.

The secret behind the magic of the Jelly Baby is gelatine. Gelatine is made from collagen, the same stuff that makes up tissues like skin and ligaments. As many people will know, gelatine is sourced as a by-product from the meat industry. As a long-time vegetarian, I try not to think about this too much as I chew on them, although, interestingly, collagen molecules are long and chain-like, so they can be thought of as being like the polymer molecules we met in the plastics chapter. In Jelly Babies, gelatine forms a gel with water; long polymer chains in the gel form an open, three-dimensional cross-linked network, with water in between. Similar collagen gel structures also make up most of a jellyfish, and as I swim and keep getting stung by them, I delight in thinking about munching on their baby cousins.

*

My left shoulder has been twinging for a while, so at my next feed I ask for a painkiller. Two small, white, oblong tablets get pressed into the palm of my hand. Thanks to cold water induced miscoordination, on the trip from hand to mouth, one plops into the sea, quickly sinking to the murky depths, but the other glides down with warm drink. A magic sugar-coated bean to conjure away my pain.

This tablet is made from compressed powder, carefully formulated with other ingredients to help it stick together and be absorbed effectively by my body. For example, this capsule contains pre-gelatinised maize starch, a carbohydrate, which acts to bind the powders together. It also absorbs water when it hits my stomach to help the tablet disintegrate and the drug to get released. A spoonful of sugar helps the medicine go down.

The tablet is coated with a hard, smooth, sweet coating of sugar. Ever since its extraction and inception, sugar has been used to treat medical complaints. Today, sugar is carrier, pacifier, pill and placebo.

Once swallowed, the tablet passes into my stomach. Here the sugar-coating dissolves and the powder within begins to disintegrate. Once it reaches my intestines, it begins to be absorbed. My body sees a spike in the concentration of painkillers in my system, which then decreases over time. Correspondingly, I experience brief pain relief, followed by its slow and dogged return. 

The best way to combat this would have been to continually take tablets, so as to ride the waves of the painkilling peaks and never let the levels get low enough to feel the pain. However, this is a bit of a faff for my crew, and since the tablets don’t seem to be having much of an effect on the pain anyway, I decide not to bother bringing it up again. 

What if there had been a better pill that could combat this sort of pain in events like Channel swims, I thought. 
It’s an unusual category of uncomfortableness, where no amount of pain will make you stop, it’s just an irritation. Months after my swim, I spoke to Simon Gaisford, Professor of Pharmaceutics at University College London and keen marathon runner, and posed him this exact question. 

He told me that in the future, pharmacy will be much more personalised. A future Channel swimmer might be able to take a 3D-printed pill that releases its painkillers in a pattern that is tailored to the swimmer. While delayed-release and extended-release tablets already exist, the special structure of a future 3D-printed version will give it a release profile that ramps up the dosage over the long duration of the swim, to provide pain relief based on its predicted onset.

Although sugar was historically thought to have medicinal properties, according to Simon, there’s not much of a placebo effect when it comes to relieving exercise-induced pain. There’s a sequence of events between my shoulder and my brain that alerts me to the fact that my bad swimming technique is damaging my body. It’s designed to make me stop injuring myself, and the brain isn’t able to subconsciously alter that process. A few hours later, my body and mind would beg to differ. At this moment though, unfortunately I don’t have a choice but to carry on swimming. 

*

I’m aware of roughly how far across the Channel I am because of which way the boats are going – the shipping lanes in the Channel are like a motorway; if the boats are travelling in one direction then you’re nearer to England than you are to France, and if they’re going the opposite way you’re nearer to France than you are to England. If there are no big boats, then you’re out of the shipping lanes and into the final stretch.

Feed after feed, I look around me and there are still shipping boats in front. By now I’ve counted down twelve hours – surely, we must be getting close?

At the next feed Ash shouts ‘Anna look behind you – that’s Cap Gris Nez. The tide is going to push you past it if you don’t sprint for the next ten minutes.’ Her eyes are wide and she’s gripping the side of the boat. I can tell by the look on her face that she’s not having me on. It’s crunch time.

I look – I see it, a hazy lighthouse on the hill. I know what it means to ‘Miss the Cap.’ Cap Gris Nez is a land protrusion that sticks out into the sea. If the tide sweeps you past it, at best it means a few more hours of swimming to battle through and land further down the coast; at worst, it means you’ll get pushed back out to sea and it’s game over.
 
But as soon as I start swimming again, I feel the grip of the treadmill once more. I am giving it my all, screaming into the water. It keeps pushing me back but this time I don’t let it sweep me away – we are in a stand-off. Each time I breathe towards the boat I can see Ash and Sally in discussion with the boat pilot, concerned looks on their faces. They’re ignoring me completely and I’m busting a gut. Are they about to give up on me?

Well, I won’t give up on me.

Half an hour later, I am sobbing through exhaustion and frustration. I can’t do this. It’s too far. I’m too tired. The sea can win.

‘You’ve got about a mile to go! Just one lap of Dover harbour to go!’ Ash shouts.

‘Imagine you’re swimming round the harbour with 
me,’ says Mike, calmly. This sets me off into sobs. Oh, to be back in the harbour with all my friends, swimming round together in the sunshine, all the Mini Rolls you like, without a care in the world.

He hands me a soft, white cuboid, and I pluck it out of his enormous hand. ‘Here you go,’ says Mike, ‘have some of my honey sandwich.’ 

Feeds are so much more than an energy calculation. The role of the feed is a moment of connection. A break, a lifeline, a distraction from spending hours inside your own head. Feeding each other is the common human language, shared across cultures. As swimmers we are totally reliant on our crew to look after us. We regress to a child-like dependence, an infantilisation facilitated by sugar. Cake, sweeties, blackcurrant squash provide the ultimate comfort. Like they did when we were children, they say I’ve got you. I’m here. Share this with me. You are loved.
 
‘Anna – tell me why you’re swimming,’ says the boat pilot gruffly, handing me a drink out of his cabin window.

I sob and shake my head. It’s too much to face why I’m swimming. There are hundreds of reasons and none. Because I probably can isn’t seeming quite so convincing an answer now. 

I put the drink to my lips. It tastes of coffee and my crew’s belief in me. It tastes of this swim’s ultimatum, signalling the conclusion to sugar’s timekeeping. It tastes of the grit required for my body to override my brain, to put my face back in the water, and swim. 

I visualise swimming to the red buoy in Dover harbour, to the green buoy, yellow, yellow, yellow, yellow, yellow, to the harbour wall, along the white cliffs, past the Premier Inn, along the long row of seafront flats …

I can see France now in high definition. The red cliffs appear to have crystallised out of the sea and I can see a strip of pale beach. The temptation to look ahead is too great, but I try to resist because every time I do it never seems to be getting any closer.

With each breath to the side my head spins and I begin to zone out. I can only assume that my arms are still pulling and my feet are still kicking because my brain and my body are beginning to unravel. I’m no longer in control of when I breathe – if I breathe – it’s as if I’m watching someone else take over from my exhausted frame. Darkness creeps over my vision. And then all is black.

*

A thousand particles of dust glide horizontally in front of my eyes, like dazzling snowflakes tumbling through a blizzard. Blinking, I watch them dance by and wonder where they came from. They weren’t here before but what was here before?

After a while a dark shape appears beyond the enchanting snowstorm. It grows larger but I can’t quite make it out. A wall? A rockface? My right fingertips suddenly graze against something hard, followed by my left. I put my feet down and they feel it too.

My head bursts from the water and see a pile of enormous boulders. I reach for one and half stand-up, but it’s fully submerged so I swim on to the next one. With my face in the water, the snowstorm returns but it’s not snow, I now realise, but silt, getting pushed sideways by the lateral force of the mighty spring tide.

The next boulder is gently sloping and soft with seaweed, so I stagger up it. The moment the waves clear my feet the boat’s siren goes off, signalling the end.

I’ve done it.

I sit on the rock with my head in my hands and sob into my goggles. Ash, Sally and Mike are whooping and cheering on the boat, and I raise a half-hearted fist to them with my good arm. I try to look triumphant for their sake but I don’t feel it at all, I just feel utterly destroyed.

For the past fifteen hours and thirty-seven minutes all I’ve been thinking about is the end of this swim, willing it to be over. But now that it is, I feel an overwhelming sense of loss. I’m in mourning for this thing that has been part of my world for the last year, occupying my thoughts and dreams day and night. Now it’s over. Gone. It’s done. And I’m gutted. 

An unexpectedly bittersweet ending.

I sleep on the boat all the way back to England. Every tendon, every synapse, every inch of me is pain. Some friends welcome us back to Dover marina with flowers, champagne and cheers. They are visibly confused by my deflated response but I pretend not to notice.
 
Sally drives us back to London. By now it’s late afternoon, almost twenty-four hours after we had set out from Shakespeare Beach. We stop on the M2 at Medway services and I stand and stare at my reflection in the bathroom mirror. Families are jostling past me to wash their hands, toilet cubicle doors slamming, the roar of the hand-driers. I’m experiencing the worst sugar-crash come-down of all time, and one question is swimming around my head. 

What the **** just happened?

*

‘Sugar’s a really ambivalent material,’ says Ellie. ‘It’s got all these connotations that sweetness means goodness, and childhood, and femininity, but actually it’s got a dark undercurrent.’

I nod in agreement. Our society tells us that sugar is shame, a guilty pleasure, a weakness of will. Behind its seductive, simple exterior lies an evil spirit. How can a material provoke such self-loathing? Perhaps we are right to be ashamed of sugar, though. Ashamed of its colonial, exploitative past.

Yet that summer, I didn’t feel modern society’s shame. I saw sugar for what nature originally intended it to be: a photosynthetic life-giver. When I was a Channel swimmer I listened to my body, was led by intuition, and delighted in the delicious diversity of media through which I could enjoy consuming its energy. Sugar was an energetically mathematical necessity. Or so it led me to believe.

Sugar’s power over my mood and sense of what was possible was an influence I’d never experienced before – no wonder Ellie introduced sugar to me as a force. When I drank the pilot’s magic potion, I didn’t feel pain, I felt invincible. If I hadn’t had reached the rocks then, I know that I would have swum until I did, continually topped up on this beautiful drug. Riding its waves of placebo. 

Not bad for a material.

So, objects (like trumpets), making-processes (such as throwing clay) and materials themselves (like sugar) can all influence and modify our emotional states. I have to admit that investigating sugar was a safe place to start in the world of materials I’d yet to formally study, since my sweet tooth and enjoyment of handmade baked goods has made it a very familiar substance. But what of other materials used in making? It’s time for a deep-dive into the wilds of naturally-derived materials; a quest that calls for an adventure of its own.

Notes

1 Sugar cane grown by small-scale farmers and plantation workers in developing countries still accounts for about 80% of the world’s sugar. International trade laws have historically made it difficult for these workers to access the most lucrative markets; they can often be outcompeted by wealthier players and undercut by foreign governmental subsidies. Consumers should always look for Fairtrade and ethically-sourced sugar.

2 Dear reader, I have blanked out these swear words because I like and respect you. While I fear that your respect for me may have been dented by this anecdote, I feel it is important to paint a picture of just how dramatically sugar – or the lack of it – can transform one’s character. As such, you may insert your own swear words here, and know that mine were probably the same or worse.
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Wool

London. The city that never sleeps.

Like a mechanical clock, its components of trains, planes and people synchronise perfectly in a dizzying daily waltz. Everyone is busy.

The streets here are said to be paved with gold. Limitless opportunities; the place to be. Everyone is hopeful.

Through each window you can see decisions being made, leaders taking charge, toasts being raised. This is where the magic happens.

London. The city with insomnia. 

Tube carriages packed with commuters like sheep getting shipped off to slaughter, a thousand faces pressed against glass, each one expressionless, up-lit by screens. Everyone is lonely.

The streets are overcrowded, people half-jog through the gutters to overtake. Cyclists swerve, taxis blare. Everyone is angry.

You strain your neck upwards to catch a glimpse of blue through a skylight framed by the towering metropolis. There is no horizon. 

I have lived in both of these places.

My oasis is the cool water of the lido. As I plunge into its blue depths the chill takes my breath away. In the city’s concrete custody this cold is the only available tether to anything wild; no sodium lamps or central heating or noise-cancelling headphones, just elemental exposure.

But that summer I felt like a goldfish, aimlessly drifting round and round in the captivity of my bowl in a tepid simulacrum of the world outside. I longed for the smog to lift from my brain. It was time for an adventure.

For this I would need an accomplice. I would get a campervan, I decided, so that I could leave at any time, go wherever I liked, unanswerable to anybody but myself. This was uncharacteristic; on holiday I’m far more likely to be found with a laminated itinerary than a sense of spontaneity. But a year on from my Channel swim, I needed a new challenge, and I figured that this could be it.

I scraped together the cash, and as soon as I set eyes on the vehicle soon to be named Alan Car,1
 I knew he’d be a fitting sidekick. An innocuous modern white VW van from the outside, inside he was kitted out with a fold-down bed, fridge, gas hob and sink, with ample storage for as many swimming costumes, snacks and friends as you please. With a handshake and an eye-wateringly large exchange of funds, he was mine. 

When August arrived, I packed up the van and as I signalled onto the A1, a jolt of excitement flooded through me, mixed with a spot of trepidation. I grinned. It was just me and Alan now; companion, protector, transporter. Our trajectory was north and, as five long weeks of summer stretched ahead, I had just three goals. The first was to rediscover my marathon swimming mojo, which had been lost somewhere in the French inshore waters last summer. The second was to rest, since I had been edging ever closer to burnout for the past few months. The third was to learn to knit. 

I can’t tell you exactly why I felt this urge to master needles and yarn. Particularly in the height of summer, you might think that aspiring to create hot, chunky woollens wasn’t the most seasonal of pursuits. Yet there was something about the idea of transforming one-dimensional yarn into two-dimensional textile into three-dimensional object that appealed to me. Since I’d be on the road for a while, I fancied this was as good a time as any to dedicate myself to learning a new skill. Wool also represented my first foray into a material class quite alien to traditional materials science – that of ‘natural’ materials. 

The plan was to source yarn from each stop on my trip and knit a patchwork blanket for Alan that would tell the story of our travels in wool. This I started on my first stop of the tour, Edinburgh. It was my last day there, and I was in a rush. Or at least it felt like I was in a rush, because it was Edinburgh during the Fringe, which is a place that always makes you feel like you’re very far from where you want to be, both cartographically and professionally.
 
There was a wool shop not far from where I was staying, so I popped in on my way hurrying somewhere. As the door tinkled closed behind me, it shut out the maddening clamour of the city, deadening it at once into silence. As I spoke, my voice was muffled by the boxes stacked floor to ceiling with towering balls of wool. 

‘Hello,’ I announced a bit too loudly to the silver-haired lady behind the counter (there was nobody else in the shop except for her and a sweating me). She looked up from her knitting, and I approached, attempting to regulate my volume relative to the new acoustic. ‘I’m a complete beginner, but I’d like to learn to knit. Please.’

The lady looked at me over her rimless spectacles with a knowing smile. 

‘Right then, I suppose you’re after some wool and needles?’ She walked me over to the stacks of boxes.

‘These are good for starting you off. It’s one hundred percent wool so it’ll be nice and warm, and it’s got lanolin on it, which makes it slightly stickier, so it won’t slip around and give you dropped stitches. Choose any colour you like,’ she advised, and left me to survey the balls. 

Straining my neck upwards, I assessed the looming fluffy spheroids. Selecting a mid-blue yarn with flecks of green, grey and yellow, I carefully extracted it from under the pile of its friends. Back at the counter, the silver-haired lady had already picked out a pair of thin bamboo needles. 

‘One piece of advice,’ she said, ‘when you start, don’t make the mistake of putting too many stitches on one row, otherwise you’ll be despairing about your slow progress. I’d say twenty stitches would do you a good-sized square to get you going. Good luck!’

I walked away clutching my special little ball. It was the size and softness of a guinea pig and I couldn’t wait to get started. For the rest of the day, every time I rummaged in my rucksack and my fingers squashed into its furry belly, my little ball of wool made me smile. 

Later that day I drove to the Lake District, the second stop on my trip. This region of northwest England holds a special place in my heart, having spent annual family holidays here throughout my childhood, scrambling over the fells and ambling through woods. In my mind, Cumbria is the home of sheep – apparently, they outnumber human residents by six to one – so where better to learn how to knit than here?

*

Sheep are thought to have been one of the earliest animals to be domesticated by humans, around 12,000 years ago in Mesopotamia, the modern-day Middle East. They were kept for their meat, milk and skins, though their fleeces were initially more hair-like than woolly. 

While no synthetic fibres have come close to mimicking the brilliance of wool, humans have still left their mark on this material. Through selective breeding over the last 8,000 years, we have managed to commandeer biology to refine this remarkable material, transforming hairy native sheep into the thick-fleeced woolly specimens we know and love today. 

Woolly sheep arrived in Europe around 6,000 years ago, and the wool trade became a major source of income for Europeans from the Bronze Age onwards. By the middle ages, England and the region of modern Spain were the epicentres of sheep production in the West, though their approaches to sheep-rearing were quite different. The Spanish region was home to the fine-fleeced merino sheep. The origins of this breed are mysterious; they may have been North African sheep brought over by shepherds to the Islamic Caliphate that ruled much of southern Spain at this time. Or they may have originated within the region over the course of several centuries, perhaps incorporating elements of Italian and English breeds. Either way, by the 16th century merino flocks were seasonally migrated between the southwest in winter up to the cooler central plains and northern mountains in summer. The Spanish had chosen this single breed and they were sticking to it, raising enormous migratory flocks throughout the country.

By contrast, shepherding English sheep was a far more sedentary affair. Flocks stayed put year-round, and so naturally adapted to the climate and geography of their local area. This resulted in an enormous variety of English sheep breeds – today there are more than sixty breeds and hybrids in England, while in modern-day Spain there are a mere handful.

Until the 18th century, most of the variety in sheep was thanks to the natural adaptation of the animals, and unsystematic selective breeding by the farmers. All of this changed with the work of agriculturist Robert Bakewell. Rather than keeping male and female sheep in the same field and allowing random breeding, his idea was to keep males and females separate, only permitting mating to happen between specifically chosen individuals. This resulted in much more controlled and efficient selective breeding, and Bakewell’s work was cited by Darwin in his seminal theory of natural selection, published in his 1859 tome On the Origin of Species. 

*

I spent the weekend swimming the lengths of Ullswater and Derwentwater in tough, windy conditions. Even though I was the first to finish both events, the experience did absolutely nothing to renew my love for endurance swimming. In fact, all I got from it was a nasty cold. I spent the following three days sitting in Alan to recover, listening to podcasts with the backdrop of rain spotting tinnily on the roof. The only item on the agenda was learning how to knit. 

The silver-haired lady had recommended casting on twenty stitches, but she didn’t realise she was talking to an endurance athlete, so I enthusiastically knotted thirty onto my first needle, following dutifully along with a buffering YouTube tutorial. Falteringly, I made my way along the first row of knitted stitches. She was right, the needles and wool were very sticky, and at times I would have to force them to comply, scraping them past one another as I struggled to awkwardly twist them through a loop that was too tight. 

As I grappled with my first blanket square, progress was slow and I fretted that I might have been too ambitious with my first project. But while my Edinburgh ball slowly unwound into flat knitted squares, I was completely ignorant of the ingenious material passing through my fingers.

I often tell people that materials science is simple, and they rarely believe me. Perhaps what I really mean is that materials science is relatively simple. Relative, that is, to the wilds of biology. It has made sense for us to examine the materials we’ve met in this story so far from the perspective of a materials scientist – thinking of atoms as balls, and seeing how they bond and build simple structures. Maybe a few different types of balls for fancy alloy mixtures of metals. Perhaps long chains of balls to make up polymers, or the blending of multiple different lumps of balls together into a composite like chocolate. But that’s about as structurally complicated as materials science gets.

Biological materials, on the other hand, are a whole different ballgame. Biology has created structures, and structures out of structures, and structures out of structures out of structures far beyond the complexity imaginable in the human-made world. Us materials scientists would simply scoff if you asked us to create an elastic, flexible, biodegradable, durable fibre that is fire-resistant, renewable, anti-static, water-repellent and breathable yet insulating, strong yet soft. Even with all the marvels of 21st-century technology, no synthetic fibre has ever come close to the magnificence of wool.

The basic building blocks of wool are amino acids, made from atoms of nitrogen, hydrogen, oxygen and carbon. These join together in long chains to form proteins called keratins – the same molecules that make our hair, skin and finger nails, as well as feathers, horns and hooves in the animal kingdom. The fact that the same simple molecular building blocks can self-assemble to produce materials as diverse as feathers and finger nails is testament to the genius of biology.

In wool, keratin molecules twist along their length to the right. Like a spring, this coil gives wool its elasticity and flexibility, providing wrinkle-recovery when stretched and released. The keratin molecules wrap around one another in the opposite direction from their own individual twist to form a sort of tiny rope, called a microfibril.

From these tiny twisted ropes are built larger bunches of fibres, which extend through a continuous matrix of amorphous proteins. This pattern is repeated to create bunches of fibres, again running through a continuous matrix of proteins, but this time with additional waxy substances (this is the region capable of soaking up colourful dyes – more on that later). This hierarchy of fibres runs through the whole length of the woollen strand. Around it are fatty layers that help repel water from the surface – hydrophobic like cocoa butter – and resist staining. 

On the very outside of the wool strands sit scales, which overlap like roof tiles. The scales point from the root to the tip, which makes the fibre rougher going upwards towards the root than downwards towards the tip. Human hair has a similar structure on the outside, and you can feel the difference in friction yourself. This directionality gives great benefit to the sheep; dirt and other environmental debris will find less resistance to slide down to the tip of the fibre and be expelled away from the sheep’s body. It also gives rise to the phenomenon of felting; physical agitation of the fibres causes the scales to rub together, locking and entangling them. In many cases this can be beneficial, creating a dense, warm textile suitable for blankets or coats. It’s less desirable when it results in shrunken knitwear. 

*

With the first two squares of the blue Edinburgh wool complete, it was time to find wool from the Lake District to add to my blanket. On my way out of Cumbria, I stopped at Penrith. To my dismay, the yarn shop there didn’t stock any local wool at all, despite the town being virtually mobbed by sheep in the surrounding fields. Instead, I bought a mustard yellow specimen from a generic brand, an extroverted statement alongside my rustic blue squares. The label told me it was a blend of 55% wool and 45% acrylic. 

Without labouring the point too much further, compared to other textile fibres, wool is by far the most complex. Cotton fibres are made up of cellulose molecules, which make up fibrils that make up the fibre, but there are far fewer structural elements to it compared to wool. Synthetic polymer fibres like nylon or acrylic are entirely smooth on the outside, merely long thin cylinders of extruded plastic. Inside, the molecular chains group into crystalline and amorphous regions, but without the hierarchical complexity of their ovine-made counterparts. 

After Penrith, I headed up the M6, back to Scotland to continue my woolly adventure. The next stop was for another swim; this time to swim the length of Loch Lomond in a five-person relay. Alan and I picked my friend Fiona up at the airport and we drove to our lodge halfway along the loch. On the way I told her about my knitting project, and casually requested a stop-off at a local wool shop.

‘I used to knit, I’ll get some wool too, we can do it together!’ she responded.

Into the wool shop we pushed, a cheerful bell unnecessarily amplifying our entrance into the empty shop. We were greeted by a now-familiar sight; a floor-to-ceiling covering of woolly orbs. I took out my prized squares, explaining to the proprietor how I was looking for some local wool. Again, I was met with disappointment – there’s no local wool to be found here either. My blanket plan was unravelling before my very eyes; I had wanted it to be a map of my trip in woolly squares, each tied to the locality by the sheep who lived there. Instead, I sullenly payed for a ball of acrylic in dappled navy, indigo and white.
 
Why, in what I had imagined to be the home of wool, were these synthetic fibres so dominant? My receipt told me that one of the reasons was presumably cost. The dawning of the 20th century saw the rise of synthetic plastic fibres like acrylic and nylon, which beat wool on price, and could be produced much more quickly. This massively benefited the cash-strapped post-war consumer, and the new plastic products had the added benefit of being washable by machine, a relatively new addition to the kitchens of the middle-classes. 

By the mid-1960s, the price of wool had crashed by forty percent. Something had to be done. Wool’s rescue came from a development in the 1970s called superwashing. This process uses an acid bath to remove the scales from the outside of wool fibres. Without these scales, the outer surface of the fibre becomes smooth like a synthetic fibre, such that superwashed wool can be machine-washed without fear of shrinkage from felting. 

Today, wool is enjoying a resurgence, thanks to an increased interest in natural fibres. Mounting concerns about sustainability and the negative impact of fast fashion (as well as the War on Plastic) has seen wool products 
surge back into favour for consumers valuing quality, sustainability and longevity over a bargain. At least where the choice is available to them. 

*

Fiona and I returned to our lodge on the banks of Loch Lomond, cranked the heating up, and wedged ourselves into the folds of the sofas until the rest of our team arrived. Swimmer Mark, a tall, broad city trader, strode in carrying a duffle bag, sunglasses on his head and a rucksack slung over one shoulder.
 
‘Hello you lot, how’s – what’s this? KNITTING? Well I can tell this is going to be a fun-filled weekend … is there even any beer?’

Whilst we scoffed at how boring we had become, I was secretly delighted. The weekend was spent swimming, splashing, laughing, and eating on our veranda overlooking the width of the loch, and beyond it, the green slopes of Ben Lomond. The day after the relay was a heatwave, which made the loch feel like Spain, not Scotland. Sitting at the improvised al-fresco dining table on our last evening there, I looked around at this merry band of laughing swimmers, and felt deeply contented for the first time in ages. I even thought I might swim the loch solo next year, which meant that my swim mojo was returned. Aim one complete. 

The next morning, the others left on their trains and planes, and I turned Alan’s nose northward. The journey was less than 200 miles, but I split it over two days, regularly pulling over to swim out to the centre of a passing loch. I would float star-shaped on my back, goggles off, watching the clouds as they trundled through the wide blue sky. 

Arriving on the Isle of Skye, Alan masterfully negotiated the narrow single-track roads. We passed mountains and sheep and very few other vehicles. Forty-five minutes down this track, and we reached the road’s end. I met with my kind hosts who had offered up their holiday home for my retreat. Nestled on a hill in a tiny collection of houses overlooking a small harbour jetty, the house had all the home comforts welcomed by the weary traveller. 

My hosts were leaving the next day, but first they took me out on a sea kayak to see the seals along the coast. As I floated over their quick dark forms gliding beneath me, I couldn’t have felt further from London. Later over dinner, I enquired about the local wool shops. ‘Oh yes,’ they gushed, ‘there’s the most amazing wool shop here, you must go,’ and pressed a leaflet for ‘Handspinner Having Fun’ into my hand. This would be the first of many such exchanges with women who knit, the secret sisterhood of string. Before bed, I gave my generous hosts the poker which I’d handmade with Agnes as a thank-you gift. This was the first handmade present I’ve given which has been received with – I think – genuine gratitude.

For the next few days, I wrote and knitted and sat for hours in the panoramic living room, watching the mountains endlessly obscured and then revealed by the rain, the weather constantly changing as it swept across the infinite grey sea. Sunsets painted the enormous sky hot pink, neon orange, dark scarlet and mauve, and gave way to the pitch-black silence of stars. Each morning I would greet my neighbour, a fisherman, with me submerged in the harbour water and him just leaving for a day’s work. He told me I was mad. I told him I was fine. On a mild day I took a boat trip across the bay and swam in crystal-clear aquamarine water, my every move followed by more curious but bashful seals. 

After a week I was running out of food and, intrigued by this mythical wool shop, mustered the gumption to drive back to the nearest town. Signposted on the road by a giant pink cartoon sheep, I realised as I entered the shop that this was a whole different breed to the establishments I had visited previously.

There were knitted items like hats, gloves, slippers and jumpers by the window. Plain brown, cream and grey balls of wool overflowed from baskets on the floor. In one section there were long lengths of wool, coiled in loops and hung on hooks so that the wall looked like a technicolour waterfall. On the opposite wall were more, except these were beautifully twisted with lots of different shades together. 

Through a door into the back room, I spied three spinning-wheels lying dormant. Here, the leaflet had told me, they spin their own yarn from fleece. I said earlier that knitting involves the transfiguration of one-dimensional thread to two-dimensional textile to three-dimensional garment. Well that’s only part of the process, of course. Before this, the fluffy coat from a sheep must be transformed into a useable material. Historically, the earliest technique for processing fleece would probably have been felting: mechanically agitating the wool so 
that the microscopic scales on the individual fibres tangle, to create a randomly orientated mesh of dense woolly fabric.

More advanced would have been the spinning of the fleece into yarn, as they do here, and the weaving or knitting of those yarns into textiles. Before the invention of the spinning wheel,2
 yarn was made from fleece using a drop spindle. This was a weighted stick that was suspended from the forming yarn, and spun to produce a twist. The biodegradable nature of wool and early wooden tools makes it difficult to date the emergence of weaving and knitting. Rare finds such as three-thousand-year-old Ancient Egyptian knitted socks, and a nine-thousand-year-old woven burial cloth in modern-day Turkey suggest a very long lineage of these crafts.
 
Spinning wheels reached Europe in the late Middle Ages, and wool became a central player in the English economy. Various monarchs recognised the profit potential of wool, and began to tax wool exports heavily.3
 

The taxation forced the English to stop exporting 
their goods and start weaving their materials at home. Many Flemish weavers settled in England, bringing 
their craft with them, and establishing a woollen cottage industry. Spinners (or the female equivalent term, spinsters) would set up at home to process wool from fleece to 
yarn. Most of this work was done by independent, unmarried women, and the term spinster has evolved to be synonymous with this – some would say aspirational – lifestyle choice.

The Industrial Revolution brought about the mechani­sation of spinning and weaving, powered by steam and later electricity. The changes were vehemently opposed by the Luddites, who went on violent rampages to destroy such equipment, in an attempt to protect their craft-based livelihoods. 

Nevertheless, the push for progress and profit won out, and mill towns and cities like Leeds, Bradford, Halifax, Huddersfield and Wakefield became the modern leaders in the newly transformed wool industry. Today, the vast majority of yarn production is carried out by machines, though small pockets of traditional crafters working by hand remain, as on Skye.

In the wool shop, not only was this yarn hand-spun, 
but a hand-written sign said that the rainbow of yarns had been hand-coloured by acid dye. What was this chromic alchemy? A few months later I got the chance to find out when I booked myself on to a wool-dyeing workshop back in London.

*

I shiver with autumn chill as I arrive on my bicycle at the London Loom studio in Hackney, East London, where I am greeted by two cheerful women wearing dungarees. One wall is covered with a rainbow of spools of wool, which poke out of their holders on the floor-to-ceiling rack. Other surfaces are draped with woven wall hangings where strands are tamed into warp and weft, thick ones bulging out as they undulate amongst thinner, stricter threads that keep them in shape. Frills firework from their outer edges, wafting gently in the breeze from the open door. 

In the centre of the studio, more dungarees are to be found amongst the participants for this wool-dyeing workshop. Tables are covered in pink wipe-down cloth and clingfilm, and dotted around are coils of creamy white, undyed knitted textile.

Helen Reed from The Wool Kitchen is leading us today. Over the top of her dungarees sits a sparkly laser-cut necklace which reads ‘DYER.’ Helen is a self-taught yarn-dyer and has made a career out of hand-dyeing yarns from her garden studio shed. 

We are each given a piece of blank A4 paper, and told to draw a line across the top in landscape. This represents our first dye project, the ‘sock blank.’ These are long lengths of pre-knitted fabric about a foot wide and six feet long. It’s a merino-nylon blend, Helen tells us; the merino wool brings its characteristic warmth, and the nylon brings strength, which is necessary for the hard-wearing environment of feet. 

Pots of coloured pens and crayons are plonked between us, and we’re told to practice our colour designs on paper ‘to get the ideas out of your heads.’ 

I’d be very grateful for any ideas in my head at all. The other participants begin to scribble as I sit stunned, looking at my blank piece of paper, gripped by artistic anxiety. I hadn’t quite banked on my adventures in wool affording me quite as much creative freedom as this, and feel the pressure for it to be perfect. I miss the simple times of painting mugs out of a single pot of glaze.

As I’m staring gormlessly at my dauntingly blank page, Helen reminds us of the colour wheel, familiar to everyone from primary school art days, and we receive a word of warning about mixing colours for fear of the dreaded brown. 

‘Every colour has a right to exist,’ she chimes in conclusion. 

With this advice ringing in my ears, I decide to dye a rainbow. The sock blanks are soaked in a bath of plain water and citric acid before being dyed. I can see the blanks floating pre-soaked in a transparent plastic box, like disembodied snakeskins. After squeezing out excess water, we flatten the blanks out on clingfilm and select our dyes.

The dyes themselves are purchased as powders, and Helen has pre-mixed concentrated solutions of them with water in squeezy bottles for us. When the dyes dissolve in water, their molecules split into two parts called ions; one is positively charged, and the other is negatively charged. It’s the negative ion that holds the colour. Pre-soaking the wool in acid induces lots of positively charged sites on the proteins inside the wool’s fibres. The attractive forces between positive fibre sites and negative dye ions cause the dye to penetrate the fibre and form strong chemical bonds, holding the dye in place and thereby permanently fixing the colour onto the wool.

The number of dye molecules is directly related to the vibrancy of the shade; diluting the dye solutions with more water gives rise to paler colours, and more concentrated solutions leads to brighter hues. I grab the bottle labelled RED and water it down slightly. I carefully dab the first loaded sponge of dye onto the end of my blank. The colour is readily taken up by the fabric, with surprisingly little bleeding. I dab again and continue to make a stripe of RED at the end of the blank. 

Repeating the mixing and dabbing process for ORANGE, YELLOW, GREEN, BLUE, PURPLE and HOT PINK, I’ve soon created my first rainbow section, taking care to deliberately smudge each coloured stripe into its neighbour for maximum hippy effect. The wetness and the wicking action of the knitted fabric-structure help with this colourful smearing. I start again with RED, and go back along my line of dyes, until a BLUE DISASTER! My sponge dribbles some dots of blue dye across a sunshine yellow stripe. Unfortunately, once the bonds between dye and fibre are formed, there’s no going back.

Once complete, my rainbow receives a lot of compliments, but I look around enviously at the others’ designs. I can’t take any artistic credit for my basic rigid parallel stripes, whereas creativity explodes from all of theirs – some have done spots, others splashes, stripes or patches. Some have giant diagonal lines or curves in tasteful combinations of just two or three colours, unlike my childish clash of everything.
 
After this, the dyes must be heated, known as ‘dye striking.’ Just as with any chemical reaction, increasing the temperature gives the molecules involved more energy, and will encourage the reaction to happen faster. By heating our dyed wools to 85°C, the bonding of dye molecule to fibre will be accelerated, and we will manage to get more of them to penetrate and stick to the fibres in a shorter amount of time. The heating can be done in pans or a microwave, but today we’re striking our dyes in kitchen steamers. We roll our long sock blanks into a sausage, together with the clingfilm underneath to avoid leakage. These sausages are placed in the steamers to sit and do their thing.

Our second dye project is a ‘skein’ – a loop of gathered fibres. For this, we are once more instructed to put pen to paper, drawing an oval in the middle of the page, ‘Possibly a sanitary towel,’ says Helen, helpfully. This time I’m determined to be a bit more tasteful, and select green, blue and grey. 

Taking up my sponge again, I begin to dot the loop with stripes of pale blue, navy, dark green and light grey. Working quickly, I’m focused on creating my woolly seascape. When I look up, I again feel self-conscious at the simplicity of my plain stripes, as others are getting creative with splashing dye out of a syringe or spraying from a bottle. 

Disappointed, I quickly wrap mine in clingfilm again, hoping nobody looks, and coil it into a snail. As we’re working, our earlier sausages are steaming quietly in the corner, and, with a cheerful bing, we swap the sausages for the snails and wait for the dye to set. 

When we come back, we open up our treasures. More rude dark splodges have appeared on my beautiful rainbow. Overall, though, I am pleased with the effect; the marbling of the colours together, the jollity of the proud, vibrant stripes. 

My skein, too, is not as bad as I first thought. The blues and greens have enhanced with the post-steaming cold-water bath, and it looks like the most inviting seascape. The lighter blues resemble sand beneath a shallow shore, the darker navy blue a deep ocean horizon. The greys look like a blustery day on Skye, the greens like seaweed beneath the surface. Tiny patches of white exist where the dye didn’t reach the middle of the skein, and these remind me of the tops of waves as they blow out at sea, or crash into rocky shore. It’s not the colourscape of an expensive foreign holiday, it’s that of the reality of the coast around Britain, which I’ve been lucky enough to experience on my woolly adventures. 

*

Back in the Skye wool shop, I approached the lady behind the counter, clutching my small collection of squishy squares. ‘I’m a complete beginner,’ I confessed, self-consciously passing her my swatches, ‘but I’m on a road-trip and I’m knitting a blanket with wool from all the places that I’ve been. That one’s Edinburgh, there’s Penrith, that’s Loch Lomond …’

She took me around the different sections of the shop, showing me how it was organised by type of wool, and the back room where they do their hand-spinning from raw fleece. Before she left me to browse, she said ‘We sell our wool by the hank.’

‘Okay brilliant, thank you,’ I replied.

A pause. 

‘What’s a hank?’

She chuckled, ‘It’s one of these,’ and lifted a chunk of wool off a hook. Not a ball, so much as a wide coil, it’s as if someone’s wrapped the wool between their elbow and thumb. As I wandered along the hanks my eyes were drawn to a hand-dyed aquamarine wool, dappled from white to royal blue along its length, which reminded me of the sea in the place where I swam with the seals. 

Eventually the wool lady said, ‘Have you decided?,’ and weighed up my selection, wrapping it safely in paper.

How would any other wool shop top this? And, for that matter, how would I possibly readjust to a faster pace of life to that which I’d gotten used to on Skye, I wondered. The postman came once a day, at 8am. The boat trips trundled to and fro across the bay. Every morning a herd of Highland cows would descend down to the beach and munch on the seaweed exposed by low tide. I knitted the aquamarine wool, my confidence with this craft growing with every stitch. I baked wholemeal bread. I wrote. I staved off loneliness by penning postcards to friends. I swam twice a day in the salty grey sea. My second aim of rest was complete. 

*

August gave way to September and the evening shadows became ever longer. The pull of adventure once more drew me out of my comfortable routine. Each leg of my journey from now would see me bounce back down the country closer to home. As I was driving the now-familiar single-track road to leave Skye, I turned a corner and slammed on Alan’s breaks. Up ahead were about fifteen Highland cows, many sporting enormous horns, horns that spanned pretty much the width of the entire way. Behind them was a truck, clearly driven by a local with absolutely no patience for cows, coming in the opposite direction. 

Hurriedly reversing to tuck Alan into a passing place, the truck managed to barge its way through the tangle of shaggy ginger fur and slowly undulating horns, and sped away. As the sound of its engine faded, I sat and pondered my options. The cows seemed perfectly content standing as they were, in the middle of the narrow road. Reluctant to beep Alan’s horn for fear of a stampede of metre-long horns next to my precious and expensive campervan, I switched off Alan’s engine and waited. The cows gazed disinterestedly at me. I stared determinedly at the cows. 

After about ten minutes of this one-sided stand-off – and fearing the eventual arrival of another impatient local – I decided to make the first move. Starting the engine again, I began to inch Alan forward. The first cow lazily stepped aside, and then began walking past. The next followed. One by one, each cow wearily joined the ambling herd. There was ample space on the road for their bushy bodies to pass by. However, the trajectory of their horns appeared to be, unfortunately, headed straight for Alan’s windscreen. 

Which was harder, I wondered, cow horn or steel van bonnet? How tough is the toughened glass of Alan’s windscreen? 

Unfamiliar with how to divert a herd of Highland cows, I gripped the steering wheel with eyes squeezed shut, waiting for the inevitable scraping sound of Alan’s side panel getting keyed by a four-foot long Highland cow horn. I prayed that their spatial awareness was better than I was giving them credit for. The horns missed us with millimetres to spare, and I exhaled. That was awesome.

The rest of the morning’s drive passed by beautifully but uneventfully. I met Ash, my friend from the Channel swim, in a tiny village on the mainland. We walked and talked, swam across the famous Corryvreckan whirlpool, ate chips and slept in our vans parked nose-to-tail under a lighthouse, before heading south in convoy, stopping in Lancaster to source wool en route. This was the first urban landscape I had seen for weeks, and the old-school haberdashers under a dirty 1970s-era concrete council building could not have been further from the beautiful wool shop on Skye, which by now felt much further away than just a day’s drive. My expectations were not high for this wool stop, but I wasn’t displeased with a shiny blue acrylic number. 

Ash and I said our goodbyes, and I drove the long road home. After unpacking, I proudly laid out my squares on my bed. By now the pile was quite large, one whole storage section of Alan dedicated to knitting supplies. However, side-by-side they wouldn’t go very far as a blanket. 

‘Wool Shops London’ was my next search-engine port of call. There was one just down the road. 

And so, I hung on to the thread of my adventure by knitting my way through London’s wool shops, too. My journey wasn’t over, as long as I still had more to knit, if only by muscle-memory association. 

*

Several weeks later, I laid my 49 squares out on my bed and declared my blanket-knitting complete. As I sewed them together, I remembered where each had come from, and reminisced about happy times: the joyful excitement of the drive from London to Edinburgh, the free improvisation of Loch Lomond to Skye, the homecoming acceptance of Lancaster to London. 

The first time I wrapped its soft, stretchy weight 
around me was an instant of pure joy. I had made this. Me! Who is rubbish at making everything. I taught myself and worked it out. This, I thought, must be why people craft.

By now the nights were drawing in, but it wasn’t quite the end of my woolly adventure. 

It had become apparent from my blanket project that no two yarns were quite the same. They varied in thickness, elasticity and texture. Some were slippery, others matte, and I came to wonder how this could be. Wanting to learn more, one autumnal evening I cycled through the traffic-clogged streets of East London on a mission to find out more about the materials properties of wool. 

I arrive at Wild and Woolly; it’s after-hours but the lights are on and as I enter, I’m greeted by the shop owner, Anna Feldman, and Jane Lithgow, the wool experts who will be leading this ‘Wool Tasting’ evening. On a round wooden table sit six egg boxes tied up with red string, some knitting needles, and a plate of crackers and sheep’s cheese. I’m early. 

Jane is a wool expert, and lifelong yarn fanatic. Wool tasting appeals greatly to the materials scientist in me; deducing a material from the look and feel of it, and experiencing a range of material properties to then relate those to differences in structure. The only trouble is, I don’t know anything about wool.

As I exchange small talk with Jane, others trickle in. I’ve begun to be able to recognise this tribe. Women who are fast walkers with short, greying hair and sensible shoes. Each takes off their coat to reveal a glorious and obviously hand-knitted jumper, cardigan, or scarf. I quietly remove my shop-bought sweater.

Opening our egg boxes, we meet our mystery wools. Miniature balls of anonymous creamy-coloured yarn are nestled in each of the six compartments. Upon closer inspection they are cryptically numbered 1–6 with tiny labels tied on with string. 

Having been met with actual laughter when I revealed to the group how new a knitter I am (‘since childhood,’ ‘about 15 years now,’ ‘I can’t remember ever not being able to knit’), I feel somewhat self-conscious when Jane invites us to take up our needles and begin to knit with the yarns. I select the wackiest one in the box first; it’s matte, elastic and knobbly, and almost looks like foam. It doesn’t have any discernible structure, a property I would soon learn to be ‘ply’: the number of strands twisted together to make up the overall string of yarn. 

Casting on a modest twelve stitches and trying not to side-eye the others, I listen as Jane talks us through all there is to know about the differences of yarn. Lots of the variety comes from the sheep’s fleece itself. First, there’s the staple, or the length of the individual fibres from the fleece (‘If we were sheep, we’d all have a short staple because we all have short hair!’). Then there’s the lustre, or how shiny the fibres are. Crimp describes how curly they are, and micron-count their thickness. 

To make yarn out of fleece, it must be washed and sorted into these different categories of fibre, and then the desired locks are spun. Smoother and neater yarn, known as ‘worsted spun,’ is achieved by combing the fibres to align them before spinning. Skipping the combing step makes the confusingly named ‘woollen spun’ yarn, which is rougher, and can be identified by a fluffy halo around the string.
 
As Jane is talking, I’m finding it difficult to keep up with the speed of the other knitters, particularly as I have to keep pausing to write all this stuff down. Abandoning the weird matte yarn, I take up the next oddest, an eccentric, wiry character with bits poking out all over the place. I cast on ten.

Jane asks for questions. I wish I knew the right questions to ask. As I knit my way through the egg box from most to least exciting wool, the chatter becomes friendly and moves off-topic. I nervously tell them about my blanket project, and describe how dismayed I was to find a dearth of local wool in the wool shops of Scotland and Cumbria. ‘Mmm,’ the room nods in sympathy and recognition at my plight. I might have blushed.

At the end of the evening, it’s time for the big reveal. I feel the reveal might be bigger were the names and breeds more familiar to me in the first place, but anyway. The more conventional-looking yarns were from common breeds; the famous Blue Faced Leicester having been selectively bred by Robert Bakewell to grow long fibres most efficient for wool production. There’s some merinos and a Jacob. The weird matte yarn I started with turns out to be stretchy Portuguese merino, and the big personality scratchy wool is Icelandic lettlopi. 

Cycling home, I reflect on my evening’s learnings. As we were packing up, I plucked up the courage to ask the group what they recommended I might be able to make from these six sample balls of wool. They seemed confused, as if the balls had served their only purpose and were now destined for the scrap yarn pile (a pile I was yet to amass). I hoped I’d always appreciate the preciousness of wool.

*

Over the following months I continued to knit and 
visit my local wool shop, now much more informed about the materials I browsed. In doing this, I both 
clung onto the memory of the trip and grounded myself in the reality of being back in my home city. But this 
city I returned to was ever so slightly yet perceptively different. I would sit in a waiting room, or on a train 
or at a concert, and people would actually talk to me. ‘What are you making there?’, ‘Did you knit your jumper?’, ‘I used to knit, but I haven’t for years.’ As soon as I put away my phone and began to knit, the convention of silence was broken. Wool didn’t just connect me to places, but to the faces of strangers. Fleeting but full of 
meaning. It was a true antidote to the otherwise slow toxin of city life. 

With Alan nearby, I always had a safety raft, and no longer felt trapped by the city’s buildings and walls. When my timetable was too busy to allow for long trips away, knitting brought almost the same escape by association. Colleagues and friends began to take up their needles around me, too. I became teacher, graduating through the sisterhood of string from beginner to instructor. I learnt new stitches and techniques, moving on to hats, gloves and, by Christmas, a jumper. I knitted up all six of the egg-box wools into a single sock, my hand-dyed rainbow and seascape wools becoming socks too. The more I learnt, the more I discovered the vast amount that there was still to master. Aim three, to learn to knit, still in progress.

Although I initially felt intimidated by the seemingly unscientific nature of ‘natural’ materials like wool, I also feel happy to have encountered some pleasing art-science cross-overs, such as the chemistry of colour molecules and their binding to wool fibres. For the first time, with wool I felt like a proper crafter, able to create items which were not only functional, but aesthetic too, and more or less in the shape I’d originally intended at the outset.

Next, it’s time to explore another natural material, this time one from the plant kingdom. I wonder what making challenges await me there.

Notes

1 On account of being a camp-er van.

2 Its origin is disputed, but scholars put its invention in China, India or the Middle East around 1000 ad.

3 A reflection of the importance of this home-grown fibre is the fact that to this day, the Lord Speaker in the House of Lords sits on the ‘woolsack,’ a literal sack of wool.
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Wood

It’s Christmas morning, and I’m sitting in the downstairs loo of my parents’ house, listening to the quiet, polite chatter of this low-key family gathering. The sun is streaming through the mottled glass window, and I close my eyes to savour this unseasonal warmth. I re-open them to see a bowl, illuminated on the small shelf next to the sink. It’s been there for years but I’ve never properly noticed it before. Today, the particular angle of the light means it’s jumping out at me, the sunlight concentrating within its curvature like a magnifying lens, condensing it to throw a golden spotlight on the ceiling.

The bowl is made from wood, its belly a warm honey-coloured gold. Gentle contour lines of the tree’s growth-rings flow like ripples from rim to rim, and two dark auburn circles are intersected at opposite edges, like a boat’s hull pressing its dark weight down onto the sea. 

This wood had come from my favourite garden, which belonged to my maternal grandparents. On one side, a concrete slope connected the raised patio by the house to a crazy-paved path leading to the old wooden shed, where untold terrors lurked in shadowy, web-covered corners. Foxgloves and pink trumpets would loll lazily over the sunny walkway in the summer, and the slope would become treacherously covered with small round seeds in the autumn, making even the most sure-footed adventurer slip over without due care. 

A matching slope on the other side of the patio led down to the lawn, a clean slate of endless green possibility. That lawn would see mixing generations of the family playing tennis and French cricket, innumerable balls ending up over the fence or plopped into the neon-green weed-covered pond in the far corner of the pitch. Into the house we cousins would charge after a game of hide and seek, racing past the wall in the kitchen where each of our heights have been recorded and dated in permanent marker over the years. 

At the helm of the garden opposite the house stood a grand old walnut tree. With its crown as wide as the entire lawn, its expanse filled the sky, cocooning the garden between itself and the house. The tree would drop smooth, green, conker-like balls onto the grass, waiting to be trodden on by unsuspecting bare feet belonging to the uninitiated, the young or the forgetful. Enormous serrated leaves would fall from its boughs in autumn to cover the wild, muddy area below, an untamed contrast to the rest of the carefully curated garden. In winter, its skeleton would become exposed, but still it stood proudly watching over large, raucous family Christmases, too tall and honourable to be decorated with gaudy coloured lights. The tree’s mighty base was wider than the arm span of even two cousins to reach around and join fingers. I imagined it must have been at least a million years old. 

A few years ago, we learnt that the walnut tree wasn’t well. An expert was called in, and our worst fears were confirmed; the tree was diseased, and it would need to be cut down before it lost structural integrity and endangered anyone. Tree surgeons were summoned, and they summited it like crawling insects on a corpse. Within hours our beloved tree was dismantled, the angrily roaring chainsaws raining woodchips onto the mud below. Branch after mighty branch was amputated, until all that was left was a heart-breaking vacuum and a soft, snow-like covering of pale dust. All those years of living and protecting and growing, ended in an instant. 

Not long after the walnut tree’s demise came the sad decision that it was time, too, for our grandparents to leave that house with its magical garden, unable to care for it in their own old age. 

It was the end of an era. But each of us still has a relic of the grand old walnut tree in our homes. 

Stroking my thumb over the back of the bowl, the shape is a smooth curve, but the material texture itself is rough from the stripes of growth-rings. I put my ear to the bowl like a seashell, straining for the sound of hectic family Christmases past, hoping it could amplify the sound of this quiet Christmas like it had the winter sunlight. This special wood, once a living part of the family, was now immortalised in a functional object. Living thing made material by craft. What was this magic?

*

Three weeks later, it’s a clear, still Sunday in January of the blue-skied kind I haven’t seen since Christmas day, the sun having been determinedly overridden by oppressive grey clouds and relentless drizzle. The early morning rays shine coyly through the bare trees and glance off the brittle grass, shadows revealing an unseen topography of the ice-kissed ground. A church stands at the edge of the green, its bells pealing joyfully into the sharp air. Without the ever-present backdrop of the City’s skyscrapers, I would have thought I had been transported into a rural Wiltshire village. 

I smell my destination before I spot it; banks of chicken coops and rabbit hutches, backing onto a green metal fence and exuding a sweet, animally funk. I can see why a reluctantly city-dwelling wood-lover would choose to work in this peaceful pocket of the capital. I enter Stepney City Farm, lock up my bike and salute the pair of black and white goats nibbling a retired upturned Christmas tree. A friendly black cat is sunning herself in the dusty yard, and I stop to scratch her ears as I scan the scattered low buildings for something resembling a workshop. There are several other people milling about, eventually working up the courage to ask each other the same question, ‘Spoons?’

I’m here for a day class with Barn the Spoon, a bearded trunk of a man wearing a red woolly jumper, with braces holding up his jeans and glasses balanced under his faded baseball cap. He swings the unmarked door open and greets us with a cheery ‘Welcome! I’m just putting the coffee on.’

We hang our coats on hooks made from slender y-shaped tree branches screwed to the wall. A wooden bench seat runs around the perimeter of Barn’s workshop, dotted in front with twelve short wooden stumps. In fact, the more I look, apart from the floor and the walls, pretty much everything in here seems to be made from wood: the caddy containing the teabags, the biscuit-loaded bowls, the teaspoons, the kitchenette benchtop. Small piles of shavings on the floor present forensic evidence of what’s to come in the day ahead.

We each start with a pre-prepared spoon-blank, which will be whittled by our inexpert hands before lunchtime. It looks like a fat, angular spoon, with a flat front and chunky square handle. It’s made from birch wood from a tree which, until six months ago, lived in Epping Forest on the outskirts of East London. This is ‘greenwood,’ meaning it still has a lot of the tree’s natural moisture inside; around fifty percent, in fact. Wood destined for other uses – the timber for housing frames, decking or furniture – is dried from its natural state until its moisture content matches that of the atmosphere (around twenty percent). This produces a hard, dense material that requires powerful tools like circular saws, power drills and jigsaws. The softness of greenwood, however, allows us to carve it with simple hand tools.

Barn introduces us to our first tool, a wood-carving knife. It comes sheathed in hard, black plastic, which we are forbidden to remove before learning the correct technique for how to do so safely. A reverent hush descends on the group.

‘These knives are extremely sharp,’ Barn warns, ‘and most of you will fall into complacency at some point today. Slow down, re-ground yourself. Generally speaking, you only get one chance with me so don’t be one of those idiots who does their own thing and then ends up in A&E.’

Following Barn’s lead, with a twist I crack the sticky bond between the plastic sheath and varnished wooden handle, and cautiously pull the blade from its housing. 
The short, straight knife glints in the sunlight streaming through the front windows, its steely sharpness primed for dominance over the soft wooden flesh of the blank.

Duly respectful of our new tools, the first stage is to make the spoon’s handle by carving off long strips. I hold the spoon-blank with my left hand across my body, dangling it beyond my right thigh. Gently, cautiously, and engaging the knife at a shallow angle, I push it away from me to peel a thin slither of wood from the head of the blank and off the end. The delicate ribbon falls to the floor, the first of many, which before long begin to form a snowdrift of shavings by my feet. 

The razor-sharp knife cuts easily through the wet wood, and I’m soon happily stripping the blank. The aim is to transform the cross-section of the handle from a rough-cut rectangle to an octagon, and then to continue to cut off the corners until it becomes a circle. Working with greenwood brings you far closer to the subtleties of the material; it feels easy to go with the flow of the wood’s grain. The use of mechanised tools would completely dull these senses; although it’s my first time handmaking with wood, using basic, unmechanised tools undoubtedly brings you much closer to the material action. 

Sometimes I’m able to make a satisfyingly long, slow cut all the way down the length of the blank, but more often than not I impatiently attempt to remove too much wood at once. The knife goes in too deep, either leaping back out of the wood and making a short, concave cut, or cracking off mid-shaving, leaving an ugly step on the handle that I then have to attack in isolation to be able to resume smooth trimming. When this happens, I get frustrated. Why isn’t it letting me cut properly? This obviously isn’t the right craft for me. My spoon’s going to be so ugly. Heeding Barn’s warning from earlier, I take a deep breath.

The lack of electrified machinery in the workshop makes working with greenwood quiet, both for the ears and the mind – at least when the knife is behaving itself. The group settles into a concentrated silence, interrupted occasionally by Barn correcting someone’s grip or posture. My own mind begins to wander to its usual places of frenzied thoughts and to-do lists.

Once the handle is drawn down to a comfortable diameter, it’s now time to shape the neck. With this grip, we cup the head of the spoon in our left hands and balance the end of the handle against our chests. The fingers of the left hand press into those of the right to reinforce the knife as it pivots to slice the side of the neck towards us in a satisfying curve, like peeling a curl off the top of a slab of cold butter. It’s not long before my chest and legs are completely covered in slivers of wood, the front pocket of my dungarees filling up with shavings. I give up trying to extract them.

To shape the back of the spoon, we employ something called the ‘chest lever grip.’ The spoon and knife are both held at chest-height, elbows in, back hunched over. As you push your chest out and draw your shoulder blades back, the knife engages with the back of the spoon and a small, finger-nail shaped chip flies off and up into the air. It takes me a few minutes to get to grips with the technique, but once mastered, I find that this powerful stroke is good for going against the grain of the wood to create a dome shape on the back of the bowl of the spoon.
 
As we have the first of many concentration-restoring tea breaks, I learn that spoon-carving isn’t just an activity, it’s a culture; a modern-day movement against consumerism and industrialisation. Around the world, increasing numbers 
of people are beginning to reject certain elements of modern life in favour of slowing down, stepping outside, and rediscovering a simpler existence. There’s even an international festival in celebration of the carved wooden spoon called Spoonfest; rock stars of the international spoon-carving world like Barn and their fans descend on a field for a weekend of demonstrations and workshops. I wonder if other materials and their crafts have developed such a cult following? I certainly experienced ‘wool culture’ on my escapades around Britain’s knitting shops.

‘Most cultures will have had an obsession with wooden spoons at some point,’ claims Barn. ‘Today, all sorts of wood-makers do spoons at the weekend; violin makers, furniture makers … spoons are the acoustic guitar of the woodwork world. You can just get some tools and teach yourself.’

*

Wood is probably our longest-standing material; there is evidence that our extinct ancestor, Homo erectus, used wood to control fire more than a million years ago. Attaching stone tools to wooden handles is another ancient human advance, dating from way back in human history, with things ramping up during the Neolithic period (beginning around 10,000 years ago). A simple enough development, you might think, but elongating tools in this way amplified the power of human muscle; the physics multiplies the force of the axe by the length of its handle. Of this phenomenon, Archimedes is once quoted as saying ‘Give me the place to stand, and I shall move the Earth’; given a long enough handle, the strength of one person could move a planet. Given any handle at all, and humans would join the path to technological progress.

Enhanced power over wood allowed our species to domesticate; shelters, cooking utensils, bowls, and furniture formed a new kind of settled life for Neolithic humans. Returning to the concept of the spoon, it is pleasing to think of it as one of our earliest objects, both personally for each of us from babyhood as we take our first mouthfuls, and collectively as a species. These objects ground us in our shared origin story. 

It can be difficult to track the evolution of wood use, it being a material designed by nature to be subsumed and recycled by the environment. Occasionally, a lucky fluke in where wooden objects end up preserves wood in time for us to find, like the tools, weapons and other possessions found on Ötzi the Iceman in the Alps near the Austrian –Italian border in 1991. These were preserved under ice for over 5,000 years, and provide a fascinating snapshot into the life of a prehistoric person. 

Ötzi’s tools included a copper axe with a wooden handle made from yew, and a dagger made from flint attached to an ash handle, its sheath made from fibrous material from lime trees. An accompanying tool made of lime wood would have been used to sharpen the flint blade. Ötzi’s bow was crafted from yew, and his arrows from viburnum and dogwood. He was found with two cylindrical pots made from birch-bark, tied together with woody fibres. The remains of his backpack were made from hazel wood. The diversity of types of wood from different tree species suggests that Ötzi had an intimate knowledge of wood’s materials properties, and their individual suitability for different applications. 

Understanding what it is about the structure of different woods which produces their diverse properties is an area of study still ongoing today. Wood – like chocolate and reinforced concrete – is a composite material. It is made from long fibres of cellulose and hemicellulose, which are held together in a matrix of glue-like lignin to make a strong, lightweight and stiff substance that is the natural-material equivalent to carbon fibre-reinforced plastic.1


Cellulose is the basic building block of the plant world. It is made up of carbon, hydrogen and oxygen atoms 
bound together in long, strong chains to make molecules (hemicellulose molecules are similar, but with shorter chains). Cellulose is made from the sugars that are produced when trees, plants, grasses and even seaweed photosynthesise. I wasn’t expecting to find a link between wood and sugar, but there it is. Lignin – the plastic matrix to cellulose’s carbon fibres – is a hugely complicated molecule also made up of carbon, hydrogen and oxygen atoms. While cellulose fibres are strong in tension, lignin is strong in compression. Both cellulose and lignin are natural polymers. Wood might seem worlds away from cheerful plastic, but cellulose was actually a raw material for one of the first pre-Bakelite naturally-derived plastics, celluloid.

Cellulose, hemicellulose and lignin are, in turn, used by the tree to build up a structure of cells, which are orientated along the length of the wood. This orientation makes wood stronger in certain directions than others; as I’m finding, greenwood can be more easily cut in the direction parallel to the trunk or branch because the lignin is wet and soft, and represents weak points through which the knife can slide in the direction of the cells of the wood. 

Barn speaks of wood as a chaotic material, meaning, I think, that its synthesis by natural processes renders variation in each piece. But although wood differs from species to species, from tree to tree, and even within the same individual specimen, there is order to the chaos, and predictable rules. The grain of the wood is usually parallel to the length of the trunk or branch. Grain flows around a knot like a water around a boulder in a stream. 

Wood is not a homogenous material like glass, clay or plastic; each piece has a different texture, which provokes the maker to improvise, to be sensitive, sympathetic and present with this particular piece of material in hand. A bent branch invites the spoon-maker to go with the flow and create a curved handle; a knot turns into a feature. Imperfection becomes beauty under an expert hand. 

*

Like wool, the structures that give wood its special material properties are manufactured by the natural world. Wood exists because plants use it for support, to raise themselves off the ground out of reach of hungry herbivores and to outcompete their neighbours for access to life-giving sunlight. These plants have no care for our requirements from wood.

Nevertheless, trees are fantastic structural engineers. The central region of a mature tree trunk – those representing the oldest wood – is called heartwood. This part contains dead wood, which is mechanically very strong, and so helps to support a large canopy and resist strong winds. Every year, fresh wood is laid down under the bark – these younger outer rings are called sapwood, and it’s here that living wood funnels water and nutrients between the leaves and the roots by capillary action, the same wicking forces that suck molten solder into a hot copper join.

Deciduous trees grow so-called hardwood (compared to coniferous trees, which grow softwood). The names are misleading because the wood isn’t necessarily physically harder or softer in these categories. Hardwoods like beech, oak and walnut exhibit annual growth-rings; the rings are easily visible as circles of alternating darker and lighter wood. The lighter colour forms during spring, the first part of the annual growing season, where cell division occurs under the bark. During this period, growth is fast because the tree wants to outcompete its neighbours, and cells are constructed with lower density and thinner walls. Later in the growing season during the summer months, the tree’s priority turns to strength, and the cells appear darker – they are denser and have thicker walls. There is more lignin in this ‘latewood,’ which gives the material strength and toughness. 

Even within the family of wood as a material, different species use it in different ways and, following this, we, like Ötzi the Iceman, have commandeered the wood from different species for different applications. For instance, the high tensile strength of oak – its resistance to breaking in tension – has been relied on historically for the structural beams of houses. Hickory and ash are stiff and tough, so are good for use in tool handles. The flexibility of yew was useful for longbows.

Perhaps it’s not strictly true that wood is immune to human influence, though. Over the millennia of forestry, we have planted and managed forests to try and make the best wood for our purposes. The link between nature and measurable material properties is slippery and inexact, but characteristics like strength, stiffness and density can be influenced by changing the tree’s personal environment, like the spacing of the surrounding trees, and at what age you harvest the wood. I hope it wasn’t our influence on the grand old walnut tree that eventually led to its demise.

Thanks to its unpredictable material properties and production process by the natural world, wood is not a mainstream material in materials science courses. However, it hasn’t escaped the attention of other scientific disciplines, and is the focus of a field called dendrochronology. This is the study of tree-rings. Through studying the patterns of tree-rings in living specimens, dead trees, the wood in historical buildings, wood found in archaeological sites and ancient wood preserved but not fossilised, such as at the bottom of lakes, dendrochronologists are able to build up an exhaustive picture of wood over the last ten thousand or so years. With this record – the International Tree-Ring Data Bank – tree-rings of archaeological and art-historical wooden artefacts can be used to pinpoint their age and location of origin. The technique is so accurate that it is used to cross-reference radiocarbon dating.

That’s not all, though. Dendrochronologists can read tree-rings like a barcode, and, since the spacing of rings depends on that year’s rainfall, tree-rings represent a comprehensive climate record. From tree-rings, we know the frequency of droughts and long periods of rain, and we can study the impact of events such as volcanoes. The vast timespan of the data means that we can observe long-
term meteorological cycles and trends in climate change. Since the amount of rainfall in a given year is affected by the energy coming to the Earth from the sun, it’s even possible to study multi-year cycles in sunspots recorded in tree rings.2


*

Wood’s prominence and usefulness throughout our history means that finds like Ötzi the Iceman are precious datapoints to tell the story of our material history – as well as a valuable environmental record-keeper, and sentimental storyteller for my family. Ice is one preservation method – the cold temperatures inhibiting the natural biodegradation of the materials – but I wanted to see a different snapshot of history. One such example of preserved wood survived not under ice, but under the seabed. 

It’s not known exactly why the ship sank that day. It was heading out to confront an invading French fleet, with five hundred people on board. The waterline wasn’t far from the gunport lids, where cannons were poised to attack the enemy. The ship had recently had a re-fit, adding extra guns and weight to the thirty-five-year-old vessel. It’s possible that the cannons were fired on one side of the ship, and it swerved too quickly in bad weather, destabilising it in the waves. The gun lids were not shut fast enough, and water came on quickly. In minutes the ship was sunk. There were no survivors. 

The year was 1545. The King of England, Henry VIII himself, was watching the battle as it unfolded from Southsea Castle. The Mary Rose settled on the bed of the Solent that day along with everything and everyone inside. Over the following centuries, the ship was slowly buried by silt, which blocked oxygen from accessing the wreckage, so none of the normal corrosion or degradation mechanisms could take hold. This effectively sealed the ship and its contents in time.

Throughout the 20th century, various divers searched for the wreckage. Tidal movements would occasionally re-expose various parts of the ship, which allowed for its rediscovery once in 1836 by fishermen who caught their nets on the exposed hull, and again in the early 1970s. A decade later the Mary Rose was placed on a cradle and raised from the seabed. A museum was built around it, and so began the delicate process of preserving centuries-old wood. 

The tang of the sea air is palpable as I step off the train in Portsmouth. It’s a grey afternoon, and I meet Professor Eleanor Schofield – Head of Conservation and Collections Care at the Mary Rose Trust – at the naval base where her work is carried out. I need security clearance and I am not allowed to take any photos inside. It all seems very official. As we walk over the large stone cobbles between vast warehouses, I catch the occasional glimpse of enormous grey aircraft carriers docked on the water. The ship 
itself and some of its treasures are housed in the Mary Rose Museum, which is open to the public year-round. Today, however, I’m being taken behind the scenes to 
see the parts of the collection not on display, and to witness the science responsible for their continued conservation.

An anonymous faded-blue door leads through to a laboratory like none I’ve seen before. Enormous yellow tanks line both sides of the chilly warehouse. In one of these containers an anchor the size of a car lays submerged in blueish liquid; in another, giant hunks of wood float like undiscernible body parts after a terrible accident. Eleanor tells me that these tanks are filled with a dilute solution of polyethylene glycol, or PEG for short, a polymer commonly found in pharmaceuticals and skin creams. 

This forms the basis for the preservation of centuries-old wood. The theory behind it is that in waterlogged wood, the water sits inside the wood’s cells, and inflates them like a balloon. It is held in place by capillary forces, as well as hydrogen bonds – attractive forces between water molecules and the wood’s cellulose. However, when wood is dried, the cells deflate and those same capillary forces pull at the walls of the cells, causing them to collapse. Because the cells 
are long and thin, and aligned with the length of the branch or trunk, they shrink by different amounts in different directions. This causes the material to become stressed, with different areas in tension and compression inside the wood. If these stresses become too strong for the wood to withstand, the material cracks.

PEG provides reinforcement, helping maintain the wood cells in their inflated shape. Eleanor and her team dissolve PEG in water and gradually introduce it to the wood in increasing concentrations while the wooden objects are submerged in the tanks. When it’s decided that enough PEG is in there, the objects are freeze-dried, which removes the remaining water but keeps the reinforcing PEG inside, like small-scale scaffolding, to keep the wood intact. 

Everybody knows that ice melts at 0°C and water boils at 100°C. But freeze-drying exploits the fact that the temperature at which ice (and, indeed all other crystalline materials) melts or boils changes with pressure – on the top of Mount Everest, for example, where atmospheric pressure is lower than it is at sea level, the boiling point of water is just 71°C. So, freeze-dryers cool waterlogged materials down below their freezing temperature, and then lower the pressure to sublimate the ice straight into steam. By avoiding the liquid phase, the cells aren’t pulled into collapse by capillary forces, so manage to maintain their shape. The resulting wood is a solid foam with air in the place of water, and the delicate cells fortified by PEG.

A doorway leads through to the next warehouse where the cobbled floor is littered with wooden wheels and thick coils of rope, knobbly iron cannonballs stacked up like giant Ferrero Rocher. This is where the items – over 19,000 of them – that were recovered from the wreckage came to be preserved and catalogued after the Mary Rose was raised in 1982. ‘There’s far too much for us know what to do with it!’ Eleanor laughs, as I casually step over a 500-year-old cannon on the floor. So I see.

The findings from the wreck represent a complete cross-section of Tudor society: personal possessions, everyday items, and weapons belonging to the richest, the poorest, and all ranks in between. Eleanor invites me to sniff an old rope as thick as my thigh, and in amongst the recognisable whiff of old sea water a less-familiar smell meets my nostrils – the tar, used to waterproof the rope, is still there. In a storeroom, hundreds of arrows sit sorted on shelves, as well as more unclaimed bits of wood broken off items or other parts of the ship when it sunk: wheels, struts and beams. It’s a stark contrast of the very old compared to the modern tanks and freeze-dryers next door.

After seeing behind the scenes, Eleanor gives me a tour of the museum. It’s after hours so the hallways and galleries are empty and this, together with the low lighting, gives the space an almost ecclesiastical quality. We weave through the museum, which tells the well-known backstory of the ship.

Eventually we pass through an airlock into the main 
hall itself. The Mary Rose sits in the darkness, its belly down in the depths of the museum, the upper deck reaching up into the rafters. Long skeletal beams extend up and out like the ribcage of a whale carcass come to rest on the seabed. 

I remember children’s TV programs showing the Mary Rose being sprayed – this was with the same PEG solution, because the ship couldn’t be submerged in a giant tank of the stuff. Unlike the smaller objects, the ship itself couldn’t fit in a freeze-dryer, so instead the concentration of PEG being sprayed onto the wood was gradually increased until the cells were entirely filled with it. 

The jets were switched off in 2013, and then the drying process began. A 3D scan was taken of the ship, and computer programs were written to model airflow around the complex shapes. From this a system of air dryers was designed to make sure that the remaining water could be removed from every part of the ship at the same speed, to minimise the risk of cracking and warpage. 

All of this sounds like rather a lot of effort, so I ask Eleanor what the cultural value is of preserving all this old wood. ‘It’s the preservation of everyday objects and materials, which tell the story of the people onboard,’ she says. ‘They’re not crowns or jewels, but personal possessions like wooden spoons and bowls. Some of the objects have changed our understanding of history; a compass was found onboard, which proved that compass technology was invented a century earlier than historians previously thought. And some of the objects tell us that Tudor England was a much more ethnically diverse place than people think, with people coming to work on the ship from across Europe and North Africa. I just think these stories are so important for us to tell.’

While Eleanor’s talking in the echoey semi-darkness, I have a sudden epiphany about where this material has come from. This ship is made from wood which was cut from trees growing in the New Forest more than five hundred years ago. But those trees would have been living and growing for maybe a hundred years before that, and transformed by hand from forest to functional in the form of hull and helm, keel and deck, bowls, spoons, arrows and combs. The journey of this wood from quiet glade to busy shipyard to open ocean to violent battle to sunken seabed to triumphant engineering feat to dramatically lit museum piece is testament to our extraordinary commitment to this versatile material. 

*

Back in Barn’s workshop, I’m yet to complete the process of transforming wood into useful object. After the break we shape the rim of the spoon by pushing the back of the blade with our thumb for close control. ‘Don’t do a bevelled edge, that’ll ruin the line of the spoon,’ advises Barn. He means don’t soften the corner of the rim. This doesn’t seem very user-friendly to me, so I go against his advice and shape the inner rim. He’s right, it does look worse. Damn it.

As our spoons begin to take shape, the tension in the group starts to relax, and we make small talk about jobs and life-stories. Barn gives us a glimpse of his own backstory; he’s been working with wood since he was a teenager, studied biology at university, and afterwards a chairmaking apprenticeship. During this time, he lived in the woods; the trees were his home and occupation, and it was here that he really got into spoons. 

After a while, Barn was on the move. ‘I would sleep in the woods around Oxfordshire or Bristol, make spoons in the morning and sell them on the street with a peddler’s licence in the afternoon.’ For three years Barn travelled on foot and lived nomadically, ‘It gave me a lot of time to think,’ he says, smiling almost convincingly. Nobody could ever question his commitment to wood-culture; lifestyle, home and humanity all wrapped up in sustainable symbiosis with his surroundings. I feel a pang of envy for Barn’s simple former life, and note that he seems to have found some form of healing through making – like I did with clay.

The final step for making our first spoon requires a different knife. This one’s shaped like the head of a question-mark, and is for digging out the wood in the bowl of the spoon. On my first attempt I use the wrong side and wonder why it’s not working. Flipping it over, the sharp side engages with the wood and I surreptitiously scan the room, relieved that nobody seems to have noticed my mistake. By rotating the spoon head on the wooden block – and using the correct side of the knife – it’s possible to cut straight across the grain and gouge out curls of wood. 

Then, disaster! My wood splits across the top edge of my spoon, the bit that Barn says is the most important feature. He quickly fixes it by shaving down the rim surface. Looking around the room at the others’ creations, I’m feeling quite self-conscious about how narrow my spoon head is. The bowl isn’t circular either; it pinches into an ugly pear-shape near the neck, and the rim is wobbly and uneven.

As we approach lunchtime, I decide to go back and narrow down my spoon’s neck to improve its aesthetics. This turns out to be a rookie error, as when I turn it over, I discover I’ve totally cut through the rim, meaning soup will be leaking out the sides of my spoon. In desperation, I attempt to style it out, and copy Barn’s solution of shaving more off the top of the rim.

The result is hideous and disappointing; the head of the spoon is shapely enough but the place where it tapers to join the neck is gouged out so that the rim almost blends into the bowl. It seems that one key skill for the beginner wood-carver is to know when to stop. That, and to master the mind-bending skill of thinking in three dimensions. 

‘Don’t worry,’ says Barn encouragingly, ‘it takes practice to know spoons. Each one helps shape the next. You’ll not be making that mistake twice, that’s for sure!’ he teases.

Embarrassed by my disfigured first attempt, I get hold of another spoon-blank, and quickly whittle another spoon over lunch. This time I’m more careful about following the steps in the right order, and continually check it from all angles. Slow and steady. 

After lunch, it’s axe-time. We’re each given a small hand-axe, about the length of my forearm, its head wrapped in a leather sheath. ‘The trick is to use the momentum of the head and to get the timing right. It’s a bit like cracking a whip,’ says Barn. The ability of wood to be cleaved with an axe in this way exploits a very special property; its inherent ‘anisotropy,’ meaning its material properties along the length of the wood are different from those across the piece. 

Our task is to use the splitting, shaving and chopping motions he demonstrates to create our own spoon blank from a plain oblong billet of wood. I eye-up the top surface of my billet and pencil on my design. I want it to be as big as the piece allows and foresee a square-shaped head and long, sweeping handle. Swinging the tool downwards as shown, the blade of the axe engages obliquely with the splintery surface, and a chunky chip splits off. I like this; the axe makes quick work of the wood and there’s more instant gratification of the billet taking shape than the arduous shaving away of off-cuts by the knife. A surprisingly small number of added facets to the rectangular block gives the impression of a spoon, aiding my 3D visualisation. 

After shaping the blank with the axe, I pick up my knife once more to fine-tune it into my third spoon. By now my hand is tired and I’ve got the beginnings of blisters where the tools have been rubbing in unfamiliar places, but I wearily use my new techniques to form my dreamed-up spoon; slicing the handle into existence, peeling the curved neck, clipping the back into a dome, shaping round the head and scooping the inside of the bowl. A stampede of goats runs by outside, which is a momentary distraction, but otherwise I’m totally focused. My earlier anxious thoughts buzzing around somewhere just behind my forehead have finally subsided, replaced by mellow day-dreaming. The physicality of the work enforces deepened breaths, the need to stay present with the grain keeps me in the flow of deep concentration. Barn regularly encourages us to take breaks to avoid injury by complacency. I soon decide to learn from my earlier mistakes, and quit while I’m ahead. I find the one-way nature of this process, compared to the infinitely remouldable glass and clay, moderately stressful.

Looking around at the group’s finished objects, it’s clear how the personality of the maker becomes embodied in their spoon. A husband-and-wife couple next to me have spent the whole day in monologue, her doing her own thing, and him leaning over to suggest how she should improve her spoon; his is technically well-executed, but I feel that hers has had its creative flair shaved away by his interference. My other neighbour has been hacking away at her spoon’s bowl for half the afternoon, and it’s now made up of many individual dimples and harsh angles, as well as a bloodstain. One maverick in the corner has attempted decorative cuts, to subtractive effect. 

My spoons tell of my own journey of discovery today. The deep cuts taken out of the rim of my first spoon are testament to my destructive perfectionism. My second spoon is textbook; a compulsive teacher’s pet. The third is revoltingly disproportioned; the square head and bowl are too narrow and shallow, the neck massively thick and bulky, the handle long, bent and sickly. I still need to work on my artistic eye.

When I look up, I’m surprised to see that it’s now dusk. It feels somehow impossible that we’ve spent an entire day making such everyday, innocuous objects. Yet I’ve learnt that their simplicity is misleading; each straight cut, each curved shave, each bowl scooped requires unseen effort, skill, craft and attention. My hand and forearm are aching, and my skin stings from the tools. Yet I’m invigorated from being so grounded; my glimpse into wood-based counterculture has me looking at city living with new eyes. 

When I get my three spoons home, they feel cool to the touch. Over the next few days, they dry out and become increasingly warmer, settling into their new environment. This warmth is perhaps one explanation for why we love to surround ourselves with wood so much. Unlike metal, stone and concrete, wood is a very poor conductor of heat, so it doesn’t draw it away from our skin when we touch it. Furniture, floors, beams and bedframes; we deck out our habitats with this comforting substance. Besides its material usefulness, could it also be the association to the natural world which we cling to? Maybe it reminds us of our favourite trees. With an increasing consciousness of material lifecycles, we instinctively trust wood to be a more sustainable choice.

My spoons also shrink as they equilibrate into their new lives as objects. Fortunately, they are small enough that they aren’t too affected by the internal stresses of shrinking. Like the walnut bowl, they are unlikely to need PEG treatment anytime soon. 

Nevertheless, the third, largest spoon suffers from shrinking the most, and it now repulses me to look at and hold. The back of the bowl has gone from a creamy dome to a harsh mountainscape, the peaks turning from pale beige to discoloured orange. What was once an attractively sweeping curve of a handle has shrunk to resemble a sickly, skeletal stick.

The other two, though, are lovely, even the shameful first one. The drying has mellowed their angles, smoothing their curves and concealing my mistakes and impatience. My spoons have matured from greenwood youngsters into their adult forms. Living matter materialised into functional object.

*

I’m hooked by the tantalising possibility that my next spoon might be better, so in February, my parents buy me a set of my own spoon-whittling knives and axe for my birthday. Dad sources me some recently cut willow from a park near their house and I drive Alan to collect it the following weekend. Sitting in their peaceful garden, I continue the tradition of transforming living wood to treasured object, its story rooted to meaningful place.
 
Stripping the bark and forming a rough blank with my axe, the wood is overall quite pleasing to work with but inside I find it’s busy with hidden knots. I feel my sharp knife snag on them, and dutifully adapt the shape of the new spoon to incorporate their stoic opposition to my plan. Slowly and methodically the knife finds its own path of least resistance through the fibrous grain, and its downstream flow is just as responsible for the final shape as is my inexpert hand. 

After a while, the familiar blisters angrily surface, and muscular aches set in. I take a break and run cold water over my hands in the downstairs loo. There sits the walnut tree bowl exactly where I had left it, and I inspect it now with fresh eyes. I wonder which of these growth-rings show the cycle of sunspots and a changing climate, measurable I’m sure over the tree’s – what was it? – million-year-long lifetime. On those rings can be read our family history; count back the years and see the births, deaths, marriages and celebrations witnessed by the grand old walnut tree. Growth-rings like our height-marks on Gran’s kitchen wall. 

Some of the rings are spaced widely apart – a good wet summer of abundant growth. Others lie much closer together – I wonder what disaster struck that year? I hope these growth-rings record our love for the walnut tree, its growth symbiotic with our own, like neighbouring trees in the forest. 

I run my thumb over the contrasting border between 
the darker heartwood and lighter sapwood, imagining the slow conversion between the two as living flesh becomes vitrified into the strong, dark core. 

I read this wood like a historical barcode; the contours of tree-rings bunching like an ordinance survey of origin. When we cut wood, we cut through history. The knife slices across the years, the axe splits them apart. Wood ties us to past and place. In its craft we immortalise the living. Wood is the ultimate storyteller of the material world. 

Whereas the act of knitting with wool made connections between individuals, the art of handmaking a simple wooden object has garnered a cult following of many, and even developed a culture of its own. Indeed, Eleanor’s take on the cultural value of preserved historical wood like the Mary Rose and its contents speaks to wood’s ability to tell us about history – both our own and of others. 

I suspect that the impact of materials on culture is by no means a phenomenon constrained to the niches of forest festivals. So I decide to next investigate a material not far removed from wood, and one that has perhaps had the biggest impact on modern culture of all.

Notes

1 In a world where most aircraft are built from synthetic composites like this, Grandad George and his university chums were certainly onto something when they built their glider out of wood.

2 This seems counterintuitive, but sunspots occur during periods of increased solar energy, which leads to more evaporation of water, resulting in increased rainfall. And this is reflected in tree-rings around the world.
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Paper

‘Grip the banana firmly,’ commanded Mrs Jackson at the front of the class, ‘and roll’ – she said, rolling the r – ‘the condom down to the base.’

This is sex education in an all-girls’ school in the mid-noughties. I’m not sure who was most mortified; Mrs Jackson for having to use contraception on an unsuspecting piece of fruit, or us for having to watch and be passive participants.

‘Oops! It can be a bit slippery!’ she tittered. 

Following her lead, in pairs we begrudgingly sheathed our bananas in lubricated latex. This demonstration was followed by the passing round of an anatomically realistic pair of testicles with which we learnt how to feel for unusual lumps, and the distribution of a wodge of pamphlets that delivered sage warnings about the perils of teenage pregnancy.

The class was, by all measures, pandemonium. A small fight broke out when a slimy condom got catapulted down the front row. There was a scream from the back when one of the balls became punctured and leaked oily silicone over its overly enthusiastic assailant. One of the school’s only lesbians staged a conscientious objection to the whole thing by silently eating her pair’s banana while keeping eye-contact with a defeated Mrs Jackson. 

The school bell clattered mercifully from the corridor outside the classroom. There ended sex education in an all-girls’ school in the mid-noughties.

Whilst an all-girls’ education undoubtedly came with academic benefits, on reflection, it might have fallen 
short on promoting a healthy attitude to relation­ships. For instance, on Valentine’s day, single red roses would arrive from admirers at the boys’ school, and the lucky recipients would sashay through the corridors at lunchtime, basking in the social security of being seen as popular for another year. 

In an attempt to pacify this blatant popularity contest, a well-meaning new initiative was started, whereby girls could send a yellow rose to a friend in our same school. Unfortunately, to receive a yellow rose became viewed universally as the ultimate humiliation, so it didn’t really catch on.

Yellow roses were definitely just for friendship though. Why else would a girl want to send another girl a rose? 

It took years of untangling myself from this doctrine before I eventually admitted to myself that I would have preferred to have received a yellow rose.1
 Of course, the signs had been there, each brushed aside to form a growing pile that eventually couldn’t go ignored. At the time, I didn’t know that I knew any other lesbians, so I started in the safest place I knew – with books. 

Slowly but surely my bookshelf burgeoned with a little queer library. Fiction, memoir, poetry, history, fantasy, dystopia, travel, biography; I devoured it all. This comforting paper-trail welcomed me into its folds, and through it I found answers. The private communication between writer and reader was a tacit contract through which I could safely learn about this unknown world by way of others’ stories. 

As I sat in my bedroom reading one night, I came across a snippet of poetry that left me feeling like an arm had reached out of the page and punched me squarely in the chest. Dropping the book to my side, it flopped closed on my duvet and I sat dumbstruck, reeling from the words I had uncovered. 


Love shook my heart

like the wind on the mountain

rushing over the oak trees

Beautiful women,

my feelings for you

will never falter

I tell you:

in time to come,

someone will remember us.
Sappho, c. 600 BC
2


I stared at the date – 600 BC. A woman – no, a woman like me had written this over 2,500 years ago. I got the impression that she was expressing something that was misunderstood – or worse – in the place and time in which she found herself. It felt as if this poem was her message to the future, that she had predicted that one day I would find her words, and now here I was, reading them, as that someone who might one day remember her.

Finding the page again, I stroked my thumb over the typeface, and felt the smooth, soft paper surface, the inky stains of the stanzas undiscernible by my touch. I realised that I owed this material everything – that boring, everyday paper had played a crucial role in helping me deconstruct and rebuild my identity in snippets and paragraphs, like the overlapping patchwork of a papier-mâché model. 

As we’ve seen, both wool and wood have inspired a loyal subculture of makers. But these pale in comparison with paper’s influence on culture, driven by the words and symbols written upon it. Indeed, one could argue that much of the modern world owes everything to paper.

Today I look at my ever-expanding little library and I marvel at this miraculous time machine we so often take for granted. How did paper rise to become central to our culture? What’s the science behind this substance? How has it lasted all this time? I want to rifle through the history, science and craft of paper to find out how this most mundane of materials came to teach us so much about ourselves.

*

The story of paper’s rise to writing-surface supremacy is one of a contest between three separate materials, which individually sprung up in different parts of the world in response to the need for an easily transportable information storage system. Papyrus, paper and parchment were each developed from the local raw materials native to different places. Each offered their users an opportunity to write, record, create and ultimately advance. Our story starts in Ancient Egypt.

The papyrus plant was native to the Nile Delta, and the Egyptians were using it to make a paper-like writing surface as early as 3000 BC. Papyrus reeds are layered like an onion, and the inner parts would be stripped out, laid side-by-side, and layered up at right angles to one another. The layers were then hammered together – the plant’s sap acting as a natural glue – and dried under pressure. A hard object like a stone was rubbed over the surface to smooth it, and the sap formed a coating that prevented ink from soaking into the papyrus too much and causing bleeding; in papermaking this is called sizing. Any number of sheets could then be glued together to form a scroll.

Papyrus became the most popular writing material throughout the ancient world, and the Egyptians exported it to the Greek and the Roman empires. It was used for bureaucracy, documentation and literature. Much of what we know about these civilisations and how they lived is thanks to papyrus, although literacy rates in these communities were low compared to modern standards. Despite efforts to establish educational systems to teach reading and writing, both the Ancient Greek and Roman societies relied on oral tradition as their primary record and means of expression.

Poetry and songs played a central role in this. And this is where, on the Greek island of Lesbos, Sappho enters the stage. She was an extraordinarily talented poet and lyricist. It is thought that Sappho wrote around 10,000 lines of poetry in her lifetime, and her poems were written to be sung, accompanied by music from a harp-like instrument called a lyre. 

Little is known about Sappho’s life or family, although she is thought to have been exiled to Sicily in mid-life, around the year 600 BC. The few fragments of Sappho’s original work that remain – some of them as short as a single word – were found written on papyrus (and a sherd from a clay pot). While much of Sappho’s prolific output has been lost or deliberately destroyed for its content, the themes of romance between women are clear. 

The ambiguity involved in translating her writings from an ancient language, as well as centuries of inter­pretations being coloured by modern biases, mean that our image of Sappho as we think of her today may deviate wildly from the true person who lived. Nevertheless, her legacy lives on in the English words sapphic and lesbian, after her name and her home island respectively. It feels fitting that Sappho was the portal for my study of paper, a material hot on the heels of papyrus far away to the east.

*

Paper was an invention of the Chinese. Legend has it that paper’s origination was down to one man called Cai Lun in the Han court in 105 ad. He was the officer in charge of developing tools and weapons for the Emperor, and as part of that job, so it is said, he invented paper. 

The first migration of paper technology outside of China was its export to Japan via Buddhist monks, as a means to propagate their religion. Paper held great religious signi­ficance to the monks, since drawing, painting, writing or copying Buddhist prayers and imagery were in themselves considered worshipful acts. Traditional Japanese paper is called washi, wa meaning Japanese, and shi meaning paper, and today, washi-making remains a dedicated craft. 

The establishment of papermaking marks the beginning of this material’s transformative journey across the globe, and my study of paper would not be complete until I understood this process. I wanted to get my hands on the material origins of where my books came from, so I took a masterclass at the Institute of Making with traditional papermaker Mandy Brannan.

The raw material for washi is the wood of the mulberry tree. As we learnt in the previous chapter, wood is a composite material made up of stringy cellulose and hemicellulose fibres and glue-like lignin. Traditionally, men would chop the branches off the tree, which would then be steamed to soften the bark. Next the bark would be peeled and scraped off the branch, leaving the woody sticks behind, and today it can be purchased in this form, dried and bundled up like straw. 

Before the masterclass, Mandy had cooked the mulberry wood in water and washing soda for four hours, which helps to separate and remove the non-cellulose materials. Delivered to us in a sturdy plastic sandwich bag, the wood looks like a light brown, wormy slime. And it gives off a very unpleasant, sour pong.
 
These slimy worms need to be broken down into delicate cellulose fibres, and we do this in the traditional way by beating them using wooden meat mallets and small rough stones. For half an hour, we splatter and bash the mulberry wood until it becomes a thin soggy mash. This is then dropped into a communal water bath, and the fibres are separated by fingers to disperse them into the milky liquid.

It’s smelly, tiring work, and so far I have to say that there’s not much about papermaking that really appeals. Once enough cellulose fibres have been dispersed in the watery bath, the fermented root of the hibiscus plant would traditionally have been added to the vat to help the fibres 
to stick together as paper. But instead, today we’re adding a slimy, colourless liquid called polyethylene oxide, or PEO. I’ve met PEO before – I used it as an additive in my hydrogen-storage materials. In fact, you’ve met PEO before, too – it’s the same stuff as the PEG which was used to preserve the structural integrity of the Mary Rose’s wood.3
 Mandy passes it round for the group to feel a slippery drop on their hands. No thanks, I say, I’ve cleaned enough of this stuff off various beakers, floors and walls to know exactly how slimy it is.

Next, to the papermaking itself. The containers of milky liquid are called vats, and we ‘charge’ these by swilling the bath to re-disperse the fibres throughout; they tend to settle at the bottom if left to their own devices. There is something about a communal basin full of wet, grey liquid that I can’t help but find rather repulsive. It’s like second-hand bathwater. Hearing it slosh against the sides of the vat turns my stomach. 

The paper itself is made on mesh moulds. Traditionally they would have been made from fine bamboo, but today it’s nylon stretched across a rectangular wooden frame. A second, empty frame called a deckle is held in place on top of the mould during the dipping, and once removed, it helps give the paper a straight edge.

Trying to keep an open mind, I slip my mould and deckle pair vertically down the side of the vat, horizontally along the bottom, and lift it through the liquid, scooping the fibres onto the mesh. As the water drips through this soggy sieve, I give a gentle shake left and right to help the fibres entangle and strengthen the final product. 

At this stage, we can see that our beating of the mulberry wood hasn’t been done to a very high standard; long tendrils of unseparated fibres twist and tangle on my first attempt. There are also a few dark lumps in the vat, which are the knotty bits of bark we were supposed to have picked out of the sludge earlier. 

‘No matter,’ encourages Mandy, ‘it’ll give the paper character.’

Altogether feeling rather unhopeful about my sieve full of beige mush, I decide to press on with the next stage, called couching. I remove the empty deckle frame and flip the sludgy top side of the mould over, press it onto a piece of fabric interfacing, and lift it off, leaving the new paper behind. To squeeze out the excess water, this is sandwiched between two towels, clamped between two large heavy boards on the floor, and stood on. 

As I carefully excavate my paper from between layers of board and towelling, my delicate, translucent piece of paper is revealed. I gently unpeel it from the interfacing and stick it to the window, using a clean paint roller to ensure strong adhesion. I go back and make two more.

Wet paper sticks readily to windows because water is a very sticky molecule. As we saw in the sugar chapter, V-shaped water molecules are polar; the side with the two hydrogen atoms is slightly positively charged, the oxygen side slightly negatively charged. This wet paper sticks to the window so well because those polar water molecules also like sticking to other polar molecules. You may recall that glass is largely made up of silica – silicon dioxide – which also happens to be a polar molecule. This polarity makes an attractive force between water and glass, so my paper is very happy to stick to the window all afternoon.

Curiously, it continues to stay adhered to the window even when it’s dry, a few hours later. This is because although the attractive forces from the water molecules have evaporated, others called van der Waals forces remain.4
 These are much weaker than polar forces, but the fibrous nature of my paper gives it a very high surface area in contact with the glass. Like the surface of a gecko’s foot, riven with grooves and ridges that allow it to climb walls and ceilings, this high surface area multiplies the attractive effect of the van der Waals forces so they are collectively strong enough to hold the weight of my paper against the window until I return to carefully peel it off. The sheets are extremely thin but surprisingly robust, and the long and unseparated fibres lay suspended, their frenzied, tangled swimming captured in time.

I tuck the delicate sheets into my notebook to protect them on the journey home. Sandwiching them between their mass-produced contemporaries further emphasises the preciousness of my handmade items. What will I use them for, I wonder? They seem rather too valuable for notepaper, or even a letter. These feel like pieces of art all by themselves.

As I’ve found, handmaking paper in this way is very labour-intensive, and I can see why paper, when it was first developed, was a highly valued commodity. Given that it has taken me all day to make just three small sheets, it would have taken months of toil to make enough paper for one of my books by hand in this way. So how did paper evolve from preciously crafted substance to cheap mass-produced material?

*

By the middle of the 8th century ad the Arab world 
had become interested in paper, too. Their empire stretched across much of central Asia, the Middle East, North Africa and Spain, and saw paper migrate west from China. With close access to both the Greek technology of water wheels and the Chinese methods of making paper, Arab papermakers were able to combine both to create water-powered paper mills, which saw them become the world’s predominant paper producers.

Meanwhile, to the west, another writing material was beginning to take hold, one that threatened the spread of paper. One of the problems with the Egyptian’s papyrus was that it was prone to cracking when it was rolled into scrolls, a necessary data-storage solution. It was also unsuitable for use beyond the dry climate of North Africa and the Mediterranean because excessive humidity brought the risk of destruction by mould.

Parchment was a great improvement on papyrus. It 
was made from stretched and dried animal skins. Being made from a single continuous sheet of skin made it more robust than papyrus, whose many interfaces between plant-based cellulose strips provided ample opportunity for breakage. Even better, the raw materials of parchment could be sourced almost anywhere, and it was flexible enough to be folded into books, unlike papyrus, which tended to split. 

The material of parchment itself is largely collagen – the molecules which make up animal tissues like skin, muscles, tendons, ligaments and, if you remember, jellyfish. The same molecules can make up so many different tissues because of how they structure and bind together in a hierarchical way, just as we saw keratin molecules do in wool. Like wool, the basic building blocks are protein chains made from amino acid molecules. Three of these chains twist around themselves to the left in a helix. Three of these helices then twist together to the right to make up a super-helix called a microfibril. These then bunch up together into fibrils, and different arrangements of fibrils make up the different tissues.

On the one hand, parchment was expensive and labour-intensive to make, but that didn’t matter too much since literacy in medieval Europe was the preserve of the privileged few connected to money, power or the church.5
 For centuries, merchants from the Arab world tried to sell paper to the backward people of Europe. But the Europeans simply didn’t see a need for it. Parchment was serving them perfectly well, thank you very much. 

One example of a scholar who worked on parchment was Hildegard of Bingen. She was a 12th-century German Benedictine Abbess, best known as one of the first female composers of European classical music, and an all-round polymath. Hildegard had experienced visions since the age of five, and she wrote illustrated books about them on parchment. She invented her own alphabet and language, called Lingua Ignota. 

I first heard about Hildegard for her notoriety as a rare female composer of early music, but I was interested to later read that modern scholars have speculated as to whether the writings and scholarly outputs of Hildegard and others like her pertained to lesbian themes. These were groups of women who lived in close quarters, willingly cocooned from a patriarchal outside world, and entirely shielded from external societal gender expectations. They were self-sufficient by necessity, and from the vantage point of the 21st century it certainly seems plausible that the convents were home to some close ‘friendships.’ Hildegard’s passionate attachment to her personal assistant Richardis von Stade, for example, was well-known.

So, two historical precursors to paper – parchment and papyrus – also played a part in building up a historical lesbian lineage for me to discover centuries later. But we now know that it was paper that won out in the contest of writing substrates. Surprisingly, it was a technological breakthrough rather than the quality of the materials themselves that secured victory for paper.

Eventually, with a slow rise in academic pursuits, greater governmental bureaucracy, and increased interest in global commerce, the Europeans realised that they could use a faster, cheaper writing material than parchment after all. It took around two hundred sheep to make just one parchment Bible. So, they reluctantly adopted paper technology, centuries after the Arab and Chinese worlds.

Paper’s material domination was secured by the invention of the printing press by Johannes Gutenberg, a goldsmith living in Germany, in around 1440. The Gutenberg press was by no means the first method of reproducing text; woodblock printing had been used in China since the 8th century, a technology that had also found its way to Europe by the time of Gutenberg’s breakthrough. 

What set Gutenberg’s press apart was his method for making moulds for the metal letters used by the machine to type, producing a movable-type printing system where individual inky characters were physically moved about to create marks on paper.6
 Again, movable type was not a new invention, but it was unknown in Europe at the time, having been developed in China 400 years previously.

In the Gutenberg press, it was found that paper was much more suitable for printing on than parchment, and so paper was adopted quickly in Europe. The printing press was embraced particularly enthusiastically here thanks to the fortunate coincidence that European alphabets were made up of a relatively small number of characters. This made them better suited to movable type than, for example, the thousands of intricate and unique characters in the languages of the far east.

The printing press dramatically reduced the costs associated with reproducing works, and Europe embraced paper over parchment for everything except the most important documents. Printing technology led to cheaper and more efficient knowledge-distribution, and all the leading thinkers relied on paper to do their work. Finally, paper was king across the globe, and with it came education.

*

The widespread availability of paper in Europe brought increased literacy and access to education for women outside the church over the following centuries. Wealthy women began writing, and there was one woman in particular whose output makes her one of the most prolific writers in history, and one of my favourite historical figures.

Anne Lister was a British landowner, mountaineer, diarist and explorer, who lived in Yorkshire in the first half of the 19th century. From her mid-teens until she died just shy of her 50th birthday, Anne kept meticulous diaries about all aspects of her life.

She wrote in small handwriting, which is almost illegible to the modern eye. She recorded everything: how much items cost, what time she had lunch, the weather (especially the weather) and how long flute practice lasted. A lot of the diaries depict the mundanities of her everyday life, with the occasional incident where she shoots a pistol out of her bedroom window. 

Some of the diary entries are written in her ‘crypthand,’ a coded language she invented for herself as a teenager to record her private life, including her relationships with women. After her death, her relative John Lister, who inherited Anne’s house, Shibden Hall, discovered the diaries in the attic and deciphered the crypthand. His friend, Arthur Burrell, advised him to burn the diaries on account of their shocking content. Whilst John was similarly dismayed at what the diaries would mean for the family name, he could not bring himself to destroy them. Instead, he hid them behind a panel at Shibden Hall, and there they remained. 


In time to come, someone will remember us.

When John Lister died in 1933, the Hall passed into the hands of Calderdale Council, and years later, the diaries were rediscovered in their hiding place. Burrell, John Lister’s friend, by now in his eighties, supplied Calderdale with the key to the code. Since then, a handful of dedicated academics have studied the diaries, and thanks to their work, today Anne Lister is known and celebrated by many as the first ‘modern lesbian.’

Conserved for posterity in the Calderdale Archives in West Yorkshire, Anne Lister’s diaries stretch to five million words – a volume of work that dwarfs other historical diarists – and in 2011 were placed on the UNESCO Memory of the World Register, in recognition of their value as a historical record. The diaries themselves are all of uniform size, and Anne covered them in calfskin, so that on the shelf they would have looked like a many-volumed encyclopaedia. Paper was still a valuable commodity in the early 19th century; her diaries were made from handmade laid paper, produced in a process very similar to my washi paper, and featuring wire moulds that left a ribbed texture on the sheets. 

Anne’s diaries came from a local stationer – Whiteley’s of Halifax – which she of course recorded in the diaries themselves. The wires from the paper moulds are still visible in the paper, which may have helped Anne to write in such small and neat lines, since the paper itself isn’t ruled. 

Interestingly, Anne’s paper didn’t change much over the four decades across which she wrote. She lived just on the cusp of paper’s industrial revolution. Anne herself was the owner of a coal pit, so actively participated in the technological overhaul that would soon change her beloved paper so much.

As well as her diaries, Anne Lister wrote letters to her friends and lovers. They didn’t waste precious paper on envelopes; instead the letters were folded and sealed with wax such that the reverse side of the paper became the envelope. This was made possible because of one of 
paper’s unusual and often underappreciated properties: the ability to crease. When a fold is made and pressed, the physical force used by the fingers is strong enough to 
snap some of the delicate cellulose fibres. This is permanent and irreversible damage, but, because of their random orientation in meshing together, not all of the fibres break, so the remaining unbroken fibres are able to hold the paper together. 

Despite her self-confidence, Anne’s lifestyle and the intolerance of Georgian society took its toll on her. She sought solace and drew strength from writing. In her diary, she wrote,


What a comfort is this journal. I tell myself to myself & throw the burden on my book & feel relieved.

It is a sentiment shared, I am sure, by modern readers of her diaries two centuries on. But if the paper of Anne Lister’s diaries was still being handmade, what changes brought it into mass production? During her lifetime, the surge in demand for paper put pressure on production; it simply couldn’t be made fast enough. To find out how this problem was solved, I took a trip to the home counties, to Hertfordshire’s ‘Paper valley.’ 

*

The stopping service from London’s Euston Station, which pootles its way northwest through the capital’s suburbs and onwards through Hertfordshire’s commuter villages, is pleasingly deserted on this chilly February morning. I’m on my way to Apsley, which, as far as I can tell, was a quaint sleepy hamlet, nestled at the confluence of the Gade and Bulbourne rivers. Sleepy, that was, until it became the birthplace of paper’s industrial revolution, and was subsequently swallowed up by nearby Hemel Hempstead. 

Today, visitors enjoy a picturesque walk down the A4251, taking in the sights of a Shell Garage and a Big Sainsbury’s, before turning right down a quiet side street. Following the sound of water and ignoring the gnawing feeling that they’ve gone the wrong way and walked into a suburban housing estate, they are eventually greeted by a moored canal boat and cheerful potted winter pansies outside Frogmore Paper Mill. 

This mill was set up in 1774, and it is still running today. A great many mills existed in this region, due to their proximity to running water, to the markets in London, and the presence of chalk in the soil, a useful whitening ingredient in papermaking. Many of the mills were originally corn mills, then felt mills, and then converted to paper when demand dictated. 

Today, the mill continues to make specialist paper, and a small team run the museum and gift shop. I’m here in time for the first guided tour of the day, which is being run by paper-enthusiast Sue Woolnough. The group is just me and a retired couple who seem surprised that I would have made a trip to a historical paper factory of my own volition. Undeterred by their quizzical looks, after a brief talk from Sue, I leap up from my seat and we set about making paper. 

Sue introduces paper as ‘a hydrogen-bonded cellulose mat.’ As we’ve seen before, hydrogen bonds are relatively weak chemical bonds, and in paper they exist between hydrogen atoms on adjacent cellulose molecules. The physical tangling of the fibres around each other and the chemical attractions between them help the fibres to bond strongly.

The papermaking process carried out here is based on the Japanese washi process, with the exception that the raw material today is cotton, since this would have been the feedstock used by early paper mills. In front of us sits a washing-up bowl of grey, slightly sewagy, separated liquid, and I wonder glumly how many other visitor’s hands have been dunked in it. Into the fluid is sprinkled fine confetti, which Sue later reveals is shredded paper banknotes from the vaults of the Bank of England. The handmaking process lends itself well to creating small batches of paper with bespoke decorations, and this mill prides itself on the different varieties it can produce. The giftshop was full of paper containing unusual additives, including flower petals, seeds, glitter, colourful confetti, and even grassy elephant dung.

Just as before, our paper mould is a thin nylon mesh stretched over a small wooden frame about the surface area of, well, an A5 piece of paper. Through the suspension of fine cotton fibres, we use a scooping action with the mould to capture our translucent cellulose prey. Excess water is removed by a quick side-to-side shake and a sponge from the back. Rather than sticking our paper to the windows, and in order to accelerate the drying process to approximately the duration of a paper-mill tour, our papery masterpieces are set on a hot plate.

As we leave our leaves sizzling, Sue takes us through the mill’s museum. It starts, as you might expect, with paper’s raw material: cellulose. Through the ages, we have been able to extract the cellulose out of flax, cotton, hemp, wood and grasses, but the cellulose during this mill’s heyday would have come from cotton rags, collected by rag-and-bone men.

Up until the turn of the 19th century, all papermaking followed the same series of stages as Sue had just showed us. In other words, it was a batch process that relied heavily on person-power, and the size of the paper was limited to the size of moulds and strength of the vat man to lift them. In the late 1790s, a French soldier and mechanical engineer called Louis Nicolas Robert developed the roll-to-roll paper mill, which turned the batch process into a continuous one. Bryan Donkin, an English engineer and inventor, improved on Robert’s machine by the addition of heated drying cylinders, and in 1803 made the first so-called Fourdrinier machine on this very site (named after its financers, Sealy and Henry Fourdrinier). 

We go through a heavy door into a big, bright, noisy room. Dried paper pulp is splattered everywhere, as if the place has been attacked by a flock of incontinent seagulls. Three blue cylindrical tanks that are taller than head-height sit along the far wall, in which the pulp gets mixed up with water. When it’s the correct consistency, the pulp gets pumped into a shallow pool. As in our hand-process, the pulp is lifted onto a mould, but this time the mould is a continuous roll, like a conveyor belt. Two water jets on either side act as squirty scissors, cutting off the sides of the paper precursor. Underneath this section a pile of soggy pulp slowly accumulates as the off-cuts plop to the floor, to be shovelled up by the operator of the machine and recycled back into the tanks.

After this, a series of felt and then granite rollers press the paper to squeeze out excess water. Even by this stage, the paper is still fifty percent water, Sue tells us, but that all changes as the paper zig-zags through a series of five hot rollers, each at over 100°C, to dry both sides. At the end of the line the paper passes onto a huge finished roll.

Today this process is powered electronically, but through the next door we meet the powerhouse from two centuries ago: a pair of water wheels. The room is dark and smells of river and wet wood. Now, only one of the wheels remains functional, but in its heyday, this pair would have powered the pulpers to recycle paper, the beaters to beat up fresh rags to make the cotton charge, and the Fourdrinier machine itself. 

We walk through labyrinthine disused parts of the factory, heading down a narrow staircase to reach a cavernous space that is filled with a green and red roll-to-roll mill, about ten times the size of the previous one. A family of pigeons are disturbed by our presence, and take flight in the eaves up above. A feather drops onto this now silent industrial behemoth. No longer functional, this machine would have been capable of continuously making reams of paper metres-wide. The drying cylinders are so enormous that small children would have climbed inside when they needed cleaning out, which must have been a spectacularly dangerous enterprise.

Industrial paper mills like Frogmore would have dramati­cally speeded up paper production, but this brought its own problems; ever-cheaper industrialised paper meant that the supply of the cotton raw materials couldn’t keep up. In many ways, cotton was an ideal material, since it’s ninety percent cellulose (compared to only around fifty percent for wood), but there simply weren’t enough rags to go around. Even asbestos paper was trialled for a short time, but a sustainable, alternative raw material was needed. 

This came in the form of wood. Industrial woodchippers and digesters were developed during the 18th and 19th centuries, and despite mills like Frogmore now having to import huge quantities of wood, this, finally, saw paper become a truly universal material available to all. 

Although using wood to make paper solved the supply issue, over time another problem became apparent; wood-based paper was turning brown and brittle. This was down to lignin, the molecule that holds cellulose fibres together in wood. The solution came from German chemist Carl F. Dahl who developed the kraft process7
 in the early 1880s, which used sodium hydroxide and sodium sulphide to break the bonds holding cellulose and lignin together in wood pulp, allowing the lignin to be removed. 

This led to another problem. Some of the chemicals used to break it down were acidic. Although this helped with the pulping process, the acid actually proved too good at breaking down the fibres, and continued to attack the molecules after they became paper, turning it yellow over time. For this reason, most paper today is made ‘acid free,’ and should hopefully stand the test of time. 

Even acid-free paper is far from indestructible, though. Paper degrades; it rots, it wrinkles, it ages. The information gets lost. Paper is provisional. We say ‘on paper’ to mean something’s not certain, that it might change. It’s not yet a ‘concrete plan’ or ‘set in stone.’

Clearly, there is a need and value to preserving paper, and the information inscribed. My library would have been much depleted were the vulnerabilities of paper documents like Anne Lister’s diaries not cared for properly. To find out about the craft of conserving precious paper, I visited Zofia Wyszomirska-Noga, artist and paper conservator at The Royal Institution in London’s Mayfair. 

*

I’m already very familiar with this building; I’ve given public talks in the famous Faraday Lecture Theatre before, and I’ve actually got experiments running upstairs on the third floor, in modern labs. But today I take the stairs in the opposite direction, down into the basement to the archives. 

Zofia walks me through a windowless office to a door that excitingly says KEEP CLOSED. It leads to a large dimly-lit storage room containing seven or so stacks of double-sided shelves, running its entire breadth and from floor to ceiling. This is the underbelly of The Royal Institution, beneath the polished brass and glass-fronted portraits of its public face, where the building’s arteries and airways are exposed. The shelves are packed with shallow brown cardboard boxes, still and silent, preserving their secrets. The air temperature and humidity in here are closely controlled. I pause to read some of the labels. Bragg, Davy, Faraday … in the boxes are papers, lab books, journals and letters written by the scientists and their correspondents who worked at or were connected to The Royal Institution over the past 220 years. As I walk slowly down the stacks, I can’t help wishing I had X-ray vision. In this room lie the lab books detailing the experiments that led to the discovery of ten chemical elements: potassium, sodium, barium, boron, calcium, chlorine, magnesium, strontium, iodine and argon, all added to the periodic table under this roof. 

All of the paper artefacts are kept in cardboard boxes because, according to Zofia, it allows the boxes to breathe. She’s selected a few to show me back in the windowless office. The first is a long strip of paper about an inch wide, which is wrapped about twenty times around a wide paper tube to protect it from damage. This is in turn encased in clear plastic, and held secure with three strips of cotton ribbon, each tied with a bow. On the thin strips I can see a series of dotted and dashed lines, above some of which someone has written letters in pencil: a – s – u – v …

This, Zofia tells me, is the first ever transatlantic telegram from Britain to the United States. The Morse code written on this strip was sent from this building by Queen Victoria to the then-US president James Buchanan in August 1858. The message took sixteen hours to arrive, having travelled through 2,500 miles of copper cable stretched across the Atlantic Ocean. Paper meets information technology.

We move on to an A4 hardback notebook, nestled on a beanbag pillow to protect its spine. This is one of Michael Faraday’s lab books, where he recorded his experiments and findings. I can’t help feeling curious about how neat Faraday’s handwriting is. It’s flamboyant and mostly illegible, but I feel rather sheepish mentally comparing it to the careless scribbles, notes and chemical splashes in my own lab books. 

The majority of Zofia’s work involves maintaining the correct storage conditions for paper artefacts like these, archiving their contents and ensuring the atmosphere remains closely controlled.8
 Her expertise really comes into practice, though, when paper articles become damaged, and it’s her responsibility to carry out restoration in these cases. 

One example is a small, black notebook. This paper was damaged by fungus when it got wet, and when she first found it, it was covered with a thin black layer of mould. By carefully scraping off the mould, and reinforcing the delicate material with ultra-thin Japanese paper, she was able to protect the book and the words on its pages. 

We have the time, care and effort put into preserving paper by experts like Zofia to thank for the survival of many older texts. This got me thinking about paper’s indeterminate value. Exactly the same material can range from being a priceless artefact to useless litter. In fact, since its production is so cheap in the modern day, you could argue that any value ascribed to paper at all is entirely human-created. Some paper has exact monetary value given to it by governments and society, like banknotes and train tickets. Most of the time its value is subjective; the letters between Anne Lister and her lovers are now of priceless value to certain communities, but others would still prefer to see them burn. 

*

As I weave my way home on my bike through rush-hour traffic, I reflect on paper. What of its future? There is much speculation about paper being replaced by computers, but silicon and paper have a long history as bedfellows. The first computer codes were made from cardboard punch cards – inspired by the early 19th century Jacquard textile loom – and used until as late as the 1980s. We still use printers to make material the chosen information we pluck from the infinite cloud available at our fingertips. I still rely on paper for note-taking and planning. Maybe this makes me a Luddite, but I don’t see paper being completely outstripped by screens any time soon.

When I get home I find my pieces of handmade paper and lay them out on my desk. They seem somehow unsettling, unfinished. I’m being faced with an artist’s worst nightmare; the blank page. 

I sit and stare at them, shuffling them around. Leaning over to open my laptop, I google ‘how to be creative.’
 
How to be Creative When You’re not a Creative Person … 6 Surprising Ways to be a More Creative Person … 25 Habits of Amazingly Creative People … I slam the laptop lid closed and resume my expressionless gazing. 

In the jumble of paper fibres I can almost make out the shape of my Daisy rabbit cushion. I can feel the scorching shame begin to burn once more, as it had when I had sat back down after collecting my ‘best effort’ certificate. I remember hugging my grotesque creation to my chest as I felt the tears begin to prick at my eyes. 
Reaching once more across my desk my hand wavers over the closed computer. But rather than open it, I grab the pencil resting in my Hunter Green mug. 

I think about Anne Lister’s five million words which escaped the fire and all of those from Sappho which didn’t. I glance over to my bookshelf. Quickly, I sweep the pencil across the page to form a stalk and begin to sketch the thorns.

Our identities are recorded on paper. A birth certificate, baby photos, school books, birthday cards, receipts, a passport, a driving licence, a degree certificate, postcards, train tickets, love letters, boarding passes, confetti, the deeds of a house, more birthday cards, letters to an old friend, framed photographs, a will, a bill, a death certificate. Through paper we become immortalised.

Beyond paperwork and milestones, our identities are formed and informed by paper. From the random, tangled motion of cellulose fibres condensed into pages, we find ourselves. For some marginalised – even criminalised – groups, paper is a particularly important medium; those denied the freedom of living as who they are, and being able to voice it openly. Instead, they have had to write diaries, poems, stories, journals and songs to break the laws of space and time and connect with people not even born yet, or with those on the other side of the world, who might one day remember them. 

From Sappho to Anne Lister and beyond through the voices of Jeanette Winterson, Audre Lorde, Virginia Wolf, Alice Walker, Sarah Waters, Sue Perkins – each brought perspectives as diverse as they were united by a common spine. By them I triangulated my own identity, and I am indebted to paper for this.

When the time came to come out about my yellow-rose affinities, it felt only natural that I put pen to paper, too. The control it afforded me lent me courage, and allowed me to craft the right words to express my explanation without the pressure of a face-to-face. It felt less confronta­tional this way. I was grateful for the physical separation from the reader it allowed, too, and its protection from their reaction. But I needn’t have been so worried.

All this – time travel, safety, community, honesty, identity – just from pieces of paper.

Unlike the other objects I’ve made so far, though, most of the meaning of paper is added after it is made. It’s really just a substrate that adopts significance later when written on.9
 But its impact on cultural ideas is undeniable. 

My explorations in the material world of craft have so far been a bit of a mixed bag, from the triumphs of knitting to the disasters of spoon-carving. Although I seem to have finally tapped into my inner artist, I wonder what challenges await me in my tenth and final material, one which is perhaps the most long-standing hand making material of all.

Notes

1 When I was at school, Section 28, which had been brought in by Thatcher’s government and banned the ‘promotion’ of homosexuality, had only just been repealed. A whole generation of LGBTQIA+ people my age had been left to figure stuff out on their own.

2 From Sappho: Poems & Fragments, translated by Josephine Balmer. London, Bloodaxe Books, 1992.

3 For some reason, versions of this substance made from short polymer chains are called polyethylene glycol (PEG), and those with long polymer chains are called polyethylene oxide (PEO). A whole doctorate on it and I’ve still never really found out why.

4 These are gentle attractive forces between nearby atoms and molecules.

5 As well as its rise to prominence in medieval Europe, there is evidence of parchment in other places, such as in Ethiopia, where it was produced and used from around 800 bc, predominantly by administrative or religious scribes.

6 The inky letters used by the Gutenberg press weren’t propelled towards the paper like on a mechanical typewriter. Instead, the characters for a whole page were assembled into the desired words and sentences, and a single press of the paper onto this mould produced the entire page of text. In this way, large print runs of manuscripts could be produced, first by making loads of copies of page one, then rearranging the letters and taking copies of page two, then page three, and so on.

7 ‘Kraft’ means strong in German; the process yielded stronger paper.

8 Excess humidity can cause acid hydrolysis reactions that break the paper’s cellulose chains and weakens the fibres, eventually leading to disintegration.

9 Perhaps the same could be said for sugar, whose meaning is bestowed by recipe, rather than poetry?
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Stone

I could tell it was a bad idea as soon as we started. The old stone steps, smoothed into slippery slopes by centuries of soles, feel unsafe as we follow their spiralling ascent. They take us up to the first level, a gallery that runs around the bottom of the dome. It’s here that I experience my first dizzying jolt of vertigo when I peer over the balustrade and see the tiny teeming tourists below. 

I’m ten years old, and this is the day that I would discover my lifelong crippling phobia of tall buildings. I’m being forced, against my better judgement, to climb to the highest point on the 300-year-old St Paul’s Cathedral by my mum, on a day-trip to London.

Onwards we climb, each reluctant step taking me upwards in the wrong direction, my mind torturing me with out-of-body imaginations of how far I am off the ground, how vast the dome’s negative space feels beneath me. I grab onto the smooth, cold stone walls for support, my woozy head swirling. Panting, we push on.

Reaching a small circular gallery, we stop to rest, and Mum summons me over to look down through a coaster-sized glass window in the floor. I don’t want to see whatever’s on the other side of the window, so I glance over it and retreat to the safety of a solid wall. I pretend not to have seen the cathedral floor 200 feet below. 

This is it though, right? We’re at the top of the dome now, so we can go back down. Oh no. Christopher Wren, the cathedral’s designer, had played a cruel trick on the acrophobic. The dome of St Paul’s is actually made up not of one dome but three, nested inside one another. The middle one, made from brick and hidden from view by the inner and outer domes, is responsible for the structural integrity of the building. The good news is that this engineering feat has proved its worth for centuries. The bad news is that this means there are two more domes to go.

Stone steps give way to painted cast-iron spiral staircases, skeletal torture-machines that send the vibrations of the other stomping visitors up my legs. We can’t turn around because it’s a one-way system; the only way down is up. My lungs ache, my knees shake and my eyes water, sweaty palms struggling to grip the handrail. 

‘Come on,’ – says mum, exasperated, ‘it’s hardly going to suddenly fall down now just because you’re here.’ 

I feel hyper-aware of the density of the stone blocks beneath, around and above me, their apparent solidity doing nothing to calm my nerves but instead adding their immense weight to my heightened anxiety. Each set of steps gives way to an impossible other. We must be nearly at the clouds by now.

Finally, we reach the summit and the stairwell spits us out into the bright open air. I press my back into the hard stone wall, edging sideways with my eyes half closed around the narrow gallery, trying to spot the door that will lead us back down. I silently plead with the wind to stop blowing against this fragile-feeling structure. My brother leans against the iron railings to peer down on the streets 300 feet below and squints his eyes to spot other famous landmarks across the city. I gulp, picturing his body bouncing off the lead-lined dome after the barrier gives way, rolling down its incline and splatting onto the stone pavement below. 

As soon as we begin our descent, my tension begins to ease. Now I’m the one stomping on the vibrating iron spirals. By the time we reach the gallery with the window in the floor I feel relaxed and steady, and by the Whispering Gallery I’m practically skipping. Relief is pulsing through my arms and chest when I glimpse the final slippery stone steps which lead to ground level. ‘How was it?’ says Dad, waiting at the bottom, himself a fellow ‘phobe. 
‘Yeah, fine actually,’ the adrenaline answers for me. Never again, I silently vow. 

*

This promise – to avoid tall buildings – I’ve kept to the present day. It’s now the beginning of March and winter is finally conceding to the determined optimism of spring. A little wren has taken residency in my small square garden in the middle of the city, a tiny brown sphere the size of a golf ball with a loud beak, beady black eyes and sticky-out tail. He bobs about on budding branches and screams 
his chirpy morning song into this overlooked urban amphitheatre, a joyful foghorn totally disinterested in anyone else’s need for sleep. I blearily butter my toast and take it upstairs to watch the wren from my first-floor bedroom window (an acceptable elevation). 

My nemesis, St Paul’s Cathedral, is just down the road. Today it has become dwarfed by city towers; steel and concrete enabling them to climb far higher into the sky than Wren’s solid-stone dome. Although years have passed since my first traumatic ascent, one question about this building has plagued me ever since. How, exactly, can stone perform such architectural feats as holding its own weight whilst being suspended in mid-air?1
 In fact, stone as a material remains a complete enigma to me; its absence from my formal materials-science education only reinforces my sense of its untrustworthiness. But today is the day that I find out its secrets. 

I catch a train that wends out of the city, through the commuter belt and beyond to the green pillows of the Cotswold hills. Disembarking, I almost collide with Andrew Ziminski’s purposeful stride at the station entrance. Tall, broad and bearded, he shakes my hand warmly and we set off in his van for the first stop on our stone tour of the southwest. We drive through the rolling countryside, down narrow lanes and round tight corners. 

Our destination is Castle Combe, a tiny, chocolate-box village nestled in a valley cut by its shallow brook. As we descend the hill, I see stone terraced houses huddled together on either side of the road, variously clung to by leafy climbing foliage, with small rectangular windows peeking out beneath bushy green eyebrows. Hanging baskets filled with cheerful blooms flank ancient wooden front doors; dog-walkers step back to allow us to narrowly pass. I breathe a sigh of relief as my heart-rate decelerates to match this slower, quieter rhythm of life. 

Andrew and colleagues are finishing up a job here, restoring the village’s 14th-century market cross. It consists of a raised stone platform, about waist-height, surrounding a tall, decorative stone spire. The platform is under the cover of a steeply sloping wooden roof, which is covered with stone tiles and supported by four stone pillars at its corners. As I slam the van door shut behind me, I can hear the scraping of metal tools on stone as Andrew’s team apply the finishing touches to their conservation job. 

Like most of the Cotswolds, the monument is constructed from limestone. Specifically, this is Bath Stone, a type of limestone found in this region called oolite. A sedimentary rock, it was formed during the Jurassic period nearly 200 million years ago, at a time when Britain was submerged under a shallow sea. Over time, layers of marine sediment became deposited on the seabed. Spherical grains of rock formed, which became coated with lime (calcium minerals) as they rolled around on the ocean floor from the motion of waves, currents and tides. These grains, together with the bones and shells of deceased ocean-dwelling creatures, became buried by further layers of sediment. Over millions of years, the layers became compacted and hardened into solid limestone. 

This geological aquatic boneyard can still be seen in the rock today. In fact, it was the exposed fossils in the sedimentary stone destined for buildings in England that may have first inspired thinking on extinction and evolution. That thinker was Robert Hooke. Hooke was 
an architect and scientific polymath; he coined the term ‘cell’ after developing the microscope and studying cork, he theorised about gravity, and – in the work by which I first discovered him – lent his name to an equation about elasticity. He was also a friend of Christopher Wren, and the two worked closely on the design of St Paul’s.

It was on a visit to a stone quarry in Portland, Dorset, inspecting stones for Wren’s cathedral, that Hooke saw a giant ammonite. The Fibonaccian geometry of the fossilised mollusc’s spiralling shell would no doubt have piqued Hooke’s mathematical interest. But even more so, Hooke theorised that this animal was now extinct, an idea that was new to natural philosophy. Indeed, his observations of fossils made Hooke one of the earliest proponents of the theory of evolution, 200 years before Charles Darwin made it scientific canon. 

Limestone can be found in a geological band that sweeps diagonally across the country from Dorset on the south coast up to Yorkshire in the northeast. It always reminds me of my happy years at Oxford spent living in a city built from the stuff. This honey-coloured stone is architecturally synonymous with these parts of the country, since people have historically tended to build from the stone under foot. As it happens, St Paul’s Cathedral and many of the other buildings rebuilt after London’s 1666 Great Fire were some of the first to be made from materials imported from further afield. Nevertheless, limestone still dominates the architecture of its native parts of the country, and it is therefore the material most-used by Andrew’s team of stonemasons in their work to shore up and repair the southwest region’s crumbling churches, monuments and bridges.

Stonemasons in this part of the world are in a constant battle with the elements, against limestone weathering. This happens primarily because of rain; dissolved carbon dioxide in rainwater makes rain naturally slightly acidic. A chemical reaction with this acid causes limestone to erode. Other damage can result from ice when pools of rainwater on structures freeze, expand, and put pressure on the surrounding stone. We take the expansion of water as it freezes into ice for granted,2
 but when you think about what’s happening at the atomic level – disordered liquidy water molecules becoming ordered into a solid ice crystal – you would really expect the volume of an ice cube to be smaller than that of the water it formed from. Anyone who has attempted to pack a car boot without considering an organised crystal structure equivalent will attest to the volumetric benefits of strict order.

Indeed, this is the case for the vast majority of substances that solidify into a crystal. Not ice, though. This is because, as we’ve seen throughout this book, water molecules are polar. You may recall that V-shaped water molecules 
are made from a slightly negatively charged oxygen atom, bonded to two slightly positive hydrogen atoms, and the attractive forces between opposite charges on adjacent molecules is called hydrogen bonding. These hydrogen bonds exist between the H2O molecules in ice, too, and they actually hold the molecules apart – as if at arm’s length – in the crystal structure of ice more than they do in the liquid state of water. It’s the job of the stonemason to repair the damage that expanding ice can do to stone structures, to keep them aesthetically, architecturally and structurally sound. 

Sometimes, human error contributes to the degradation process. In this monument, Andrew’s team were tasked with fixing and replacing parts of the tip of the spire. It had been reinforced inside with Victorian cast-iron rods. Over time, these had rusted and expanded, a phenomenon called ferrous jacking. The force of the expanding iron caused the whole brittle stone part to rupture, splitting it into pieces, and leaving the top of the monument balancing perilously above the heads of the unaware villagers. Now, the iron reinforcement has been replaced by stainless steel, and some of the unsalvageable stone parts replaced by fresh limestone, expertly carved by the hands of Andrew’s team.

I’m introduced to one of them, Sam, a stonemason working on shoring up the corner pillars of the monument. As a sedimentary rock, the layers give limestone a direc­tionality, a grain, a bit like the linear grain of wood, except the layers of limestone give it a more flat, two-dimensional texture. The strongest orientation for a limestone block in a structure is where the layers are laid horizontally, so that the forces of compression squash them together. This is termed ‘naturally bedded’ stone. Sam shows me the faint layers on the block of fresh limestone that she’s using to replace worn-out material.

We go for a walk around the church adjacent to the market square. ‘Let’s take a look at what happens when things go wrong,’ she grins. With the oldest parts of this church dating back to the 13th century, its architecture is typical of a quintessential English village such as this; a tall, square stone tower sporting decorative spires is abutted by the nave, which is made up of a collection of roofed oblongs, added together over the centuries as congregations expanded. Narrow stained-glass windows catch the spring light, inset into decorative stone supports, and carved stone crosses stand proud at the apexes of the sloped, stone-tiled roofs.
 
‘The sedimentary layers in limestone are like a book,’ Sam tells me, plucking my notebook out of my hand to demonstrate. ‘They can fall open if you place them in a structure the wrong way round. Here’s a good example …’

Turning our backs on the building, we trudge through the thick undergrowth of the surrounding churchyard. Sam points out the gravestones in front of us where some layers of stone have delaminated, making the writing on them only partially visible. 

‘In this case, “edge bedded” stone is orientated with its layers vertical, like a book balancing on its spine,’ she explains. ‘Over time, the layers get weathered away. It’s not always possible to avoid, though. The size of the slab cut from a larger block probably meant that a different orientation wasn’t practical.’

I feel for whoever lies beneath this gravestone. Their relatives were probably banking on the stone material being a bit more reliably enduring than this. 

‘I love that stone allows lichens to grow on the graves,’ says Sam, as we retreat back to the path, ‘it’s as if the stone becomes a living part of the place.’ 

The church’s architecture contains lots of arches around the windows and doors. Sam tells me that here the limestone is bedded with the layers perpendicular to the forces acting through the arch, in a sort of fan shape, ensuring the layers remain in compression. Aha! They must have done this in the arches and domes of St Paul’s, too. Round the back of the church, we stop to consider the tower’s limestone wall, and a respectful silence falls. I’m unsure of what I’m supposed to be looking at. 

‘See, here the stones have been bedded correctly,’ says Sam, brushing her hand horizontally across one of the blocks at the base of the church’s austere wall. I look for the layers. I step closer, touching the cold, rough surface and see all sorts of stains, textures, scrapes and topographies, but not the lines Sam’s describing. I squint to see if that helps. It doesn’t.

Stepping back from the wall, I try to picture the layers in my mind’s eye, this tower of stone pages. I sort of see it, but maybe that’s just my imagination augmenting the reality of what I’m actually looking at.

‘Hmm, yes,’ I muse, ‘and up there, that one’s bedded on the diagonal,’ I point. 

‘Nope. Those are just tooling marks,’ says Sam, 
smiling.

‘Oh right, yeah, course.’ I’m clearly out of my depth.

We continue our orbit of the old stone building. Stopping to regard a small window just above head height, Sam points out the discoloured limestone surrounding it. ‘It’s caused by the temperature difference between the inside and the outside of the building,’ she explains, ‘creating a little microclimate around the window.’ 

The memo that it’s spring doesn’t seem to have reached this particular village, and my feet are going numb inside my boots from standing out in the cold. Making a hasty retreat into the church, I test my newly trained eye on the limestone inside. As the heavy wooden door swings shut behind us, we instinctively lower our voices in respect for this spiritual space. It’s interesting how stone can do that; its hard-surface acoustics amplify the rustle of clothes and scuffing of soles; the echoey feedback makes you self-consciously hush.

The textures of the stone blocks in the different sections of the church have subtle differences, separating their walls in age by a century or two. A rougher surface texture and a dull brown colour are obvious signs in the oldest portion of the building. Another clue comes from the size of the stones; the larger the blocks, the more advanced the technology needed to cut, lift, transport and construct with them, indicating a younger wall. 

After a few minutes of wandering through the pews, I stop and consider a limestone column that looks fairly new. It’s not just the jacking from ice and rust which makes water the enemy of limestone constructions. Thanks to its formation by the compression of granular sediments, limestone contains lots of gaps between those grains, making it highly porous, like biscuit-fired pottery. These pores are mostly interconnected, which allows moisture to permeate through the material. Over time, this moisture can dissolve minerals inside the stone, and draw them to the surface by capillary action, sucking up water from the earth beneath the building like a tree trunk. The result is what looks like a salty crust on this column. I’d never really thought about what would be beneath this building, but I’m surprised to find that the soil it stands on has such a direct effect on the materials inside.

Back at the monument, the rest of the team are finishing the job by laying lime mortar into the gaps between the stone slabs, buttering it smooth like I’d done on my toast earlier that morning. It’s important to match the properties of the mortar with the stones used, they tell me. The team point out areas where cement – much less permeable than lime mortar – has been used to disastrous effect; it protrudes from the wall, sticking out awkwardly between the surrounding soft, receding limestone. Multiple winters have seen water pooling at the cement and freezing, the aggressive ice attacking the limestone to see it blister, weaken and erode. This highlights the job of the mason-conservator; they must forensically deduce centuries of unwise repairs to old structures and provide more long-lasting remedies. 

Lime mortar is an unassuming wonder-material. The basic ingredients are lime (calcium minerals) and aggregate (sand and tiny stones), mixed with water. Lime mortar was used by the Ancient Egyptians around 4,500 years ago to plaster the pyramids of Giza, and the hydration reaction that causes it to set is the same as that of Roman concrete, which can set under water.3
 Lime mortar is also remarkable because it has the ability to self-heal. If a small crack develops, moisture and carbon dioxide in the air react with the freshly exposed material, and tiny crystals of calcium carbonate grow to re-seal the crack. Modern materials scientists have been inspired to develop a range of self-healing materials, including concrete, composites, asphalt, polymers and paints. The living material world has, of course, enjoyed this capability for rather longer.

I’m keen to learn from as many of Andrew’s expert team as I can, and next talk to Nell, a long-haired master stonemason whose specialist skill is the intricate technique of lettering. Onto the waist-height platform of the market cross she places an oblong slab of grey slate on top of a piece of scrap hessian, and unfolds her leather tool-wrap to reveal a collection of tiny pointed chisels. 

Using a white pencil, she draws out a simple letter I; a rectangle with a centre line and diagonals to the corners to create serifs, a bit like the shape of the back of an envelope. By her direction, I score over the top of it with a sharp, metal pointed tool. After Nell’s demonstration, this groove guides the corner of my tiny chisel, knocked tentatively by a small metal mallet, all under Nell’s watchful eye.

The slate feels as soft as greenwood, and not as flaky as I expected it to be. It’s easy to carve, and I’m soon left to my own devices, happily knocking away at the stone to create a deeper and deeper V-shaped groove down the letter. The edges are a bit wobbly, and my chunky letter looks pretty ugly next to Nell’s other practice pieces on the slab; narrow, smooth, sweeping curves, some of which are inset with gold.

‘If you cut letters with a machine, they get a flat bottom,’ Nell says, peering over my shoulder. ‘With this sort of triangular profiling, the light bounces around inside the letter. I think it’s much more attractive.’

It’s not long before my hand and back are aching and I stretch back to watch the others at work. An apprentice is spreading mortar into gaps between the stones on the base of the platform next to me, another stonemason is sweeping dust off its top. A talkative Castle Combe resident has sidled up to speak with Sam, and I listen in on their conversation.

She’s a local amateur historian, and clutches a photo album brimming with historical postcards depicting the market cross. ‘I’ve got thousands of these at home!’ she proudly boasts, ‘I’ve got Castle Combe coasters, Castle Combe cufflinks … you don’t want to tell my husband how much money I’ve spent on some of this stuff! He’s lived here since the seventies …’

I politely flick through the photo album, turning over pages of identical images of the church and the market cross rendered in varyingly sepia hues. Sam observes over my shoulder; ‘Wait, look! That part of the church has got a cross on the roof in this photo, but in that one it’s missing.’ The observant eye of the stonemason wins again.

One by one, the team stroll round to join in the conversation. The local refuses to leave without taking a photograph of Andrew and his team for the village Facebook group. I stand by awkwardly, mumbling ‘Err … I’m not really a part of this.’ 

After extracting ourselves from the pleasantries, Andrew and I set off once more in the van, heading for his home workshop. Along the way we swap Polish family-origin stories; it was his father who made the move and found employment working with Scottish granite, the genesis of Andrew’s own obsession with stone. Every now and again he points out local points of interest – ‘This is the Fosse Way we’re driving on now, a Roman road linking the southwest with Lincoln, amazing!’

All of a sudden, he veers off onto the soft, muddy verge, punches on the hazards and leaps down from the vehicle. ‘Here, I want to show you something.’

Following him, we cross the deserted lane and stop short of a deep ditch. Three enormous limestone megaliths lean upright against one another, a fourth capstone balanced horizontally on top. These are the so-called Three Shire Stones, where the boundaries of Wiltshire, Gloucestershire and Somerset meet. The stones were once part of an old burial chamber, and were moved here by a local landowner in the 19th century. Locals speak of unwritten mythology surrounding them. Despite their age and significance, they seem to have fared rather better than the poor gravestone back at the church. A car speeds by, but the stones don’t flinch. Unlike wool, wood and paper, stone is a natural material that stands the test of time.

I am invited to climb up the monument, using two small foot holes that have been carved in one of the stones. Sure, I can do that, no problem, it doesn’t look that high. Scrambling up, I choose to sit, rather than stand, for my photo-op. Just to be on the safe side; it’s actually much higher than it looks.

Andrew stands back to admire not the monument, but the ditch which runs alongside the road. ‘This is where the Romans dug out their materials to build the road, providing it with drainage at the same time. Just incredible!’

I’ve never heard someone gush so lovingly about a ditch before. But I’m coming to realise that Andrew’s working life has him seeing his home turf with very different eyes from your average resident. I hope that after today I’ll have developed some stone lenses, too.

After an ungraceful dismount into a pile of leaves, we’re back on the road, and the final stop on our tour is Andrew’s workshop, where I’m going to have a chance to try out stone carving myself. Nestled in the corner of a piece of land opposite his house, the workshop is made up of a tool shed and a sheltered outside area. Workbenches are covered with pieces of stone and carvings, including a dog carved in 1601, recovered from one of Andrew’s jobs on an old house near Yeovil. Roughly life-sized, the dog sits upright and attentive, its ears flopping endearingly. It was carved in the wrong bedding plane, and has split lengthways down the middle, one side of his face separated by an inch-wide crevice, which runs down the poor thing’s back and chest. Next to the shelter is a pond surrounded by lush wet grass, a dividing wall beyond. 

‘That wall is built entirely from offcuts from jobs,’ he says. ‘There’s bits of Bristol Cathedral in there, some town bridges, a few memorials and stuff … .’ I look at the drystone wall, surprised, and I enjoy the idea of how democratic this material is. Once removed from its context as part of a well-known building, the stone is back to being an unremarkable raw material again. 

A limestone block rests on a wooden turntable, a reclining nude in relief on its top side. ‘The flat surface is the first technique that the beginner stonemason must master,’ says Andrew, plonking his dusty tool bag onto the workbench as fresh rain quietly patters on the shelter’s roof. 

‘This is just a practice for a larger version I’ll be making. You can have a go on the corner; let’s see if you can sink the whole surface by about a centimetre,’ he narrates, drawing a pencil line guide 1cm from the edge on the side of the block.

‘You’re someone that’s pretty handy with tools, right?’ he says, passing me a toothed chisel and a bulbous white nylon mallet. ‘Um, yeah I guess so ...’ I reply, turning my new tools over and testing their weights.

‘Hold your thumb round the back of the chisel for 
greater control,’ Andrew gently directs. ‘These tools have remained unchanged for millennia; you can see Egyptian stonemasonry tools in museums which are four and a half thousand years old and look just like these. Not made of nylon though, obviously.’

Stone is particularly vulnerable at the edges of shapes, its crumbliness making carving here a risky business. It’s easy to chip off more than you intend. That’s an interesting duality – frailty in small-scale detail, but great strength in bulk.

I place the teeth of the chisel onto the rough stone surface, and tentatively hit with the mallet. The chisel scrapes across the surface, creating some scratches in the soft limestone. I repeat. After a few of these blows, Andrew interrupts. ‘Hang on. May I?’

I concede the tools to his large, expert hands. With a single whack, the teeth of the chisel engage with the stone and a large chip flies off onto the grass, leaving behind a deep gouge. Ah. 

Picking up the tools again, I give it a bit more welly, working my way along one edge, and then the other. ‘That’s more like it!’ he cheers. ‘Now go diagonally to join those areas up.’

It’s great fun making quick progress to remove the stone, as chips fly erratically left and right, and it’s much faster than wood carving. Several hit my face, ‘I’ve learnt to just blink at the right moment,’ says Andrew helpfully. One goes in my mouth. 

‘Maybe shut your mouth too.’ 

White dust condenses on my sleeves, motes of it 
gliding away on the gentle breeze. Despite the layers in limestone giving it structural vulnerability, to the 
carver, this material doesn’t give any sense of grain, unlike wood, where its directionality in strength and texture made it virtually impossible to cut across the grain. 
Here, the stone’s homo­geneity means it can be worked freely in any direction. The dangers of incorrect bedding only manifest centuries later, as the poor stone pup discovered.

Andrew measures my progress with an enormous right-angled square tool, and I make adjustments to the surface, trying to carve it level and perpendicular to the smooth sides of the stone slab. More 3D-thinking.

The surface is left rough and dimpled by the toothed chisel. Switching now to one with a flat edge, I’m tasked with smoothing over the mountainous terrain I’ve created. Holding it at a steep angle against the stone, this chisel creates small, parallel ridges that fan out from the corner.
 
‘See, to me, that’s beautiful, seeing those tooling marks in there, seeing the direction of flow of the mason. You’ll be able to understand this now when you see it in any wall, you’ll be able to tell what the mason was thinking.’ I recall my embarrassment back at the Castle Combe church with Sam, and hope that I’ll eventually get my eye trained on tooling marks. 

As I’m working, Andrew disappears down the garden, returning to playfully place a tiny newt on the wooden turntable. The unfortunate thing becomes immediately coated with limestone dust, and Andrew soon releases it back to the pond, which he tells me can be swum in year-round. He returns with a bowling ball-sized lump of orange-brown stone, smooth and glistening wet from the rain. 

‘This is sarsen stone. It’s infamous to stonemasons for its density, hardness, and difficulty to carve … ’scuse my French but this thing’s a bastard.’ 

I stop carving and Andrew demonstrates; propping a foot-long pointed quarrying punch tool into a small dimple on the surface, and whacking it hard with the mallet. A spark jumps from the stone’s resolute surface. Nothing else by way of stone comes off. He tries again, harder, the metallic thwack of the contact from steel on stone reverberates around the yard and hurts my ears. Nothing again. Like wood and wool, stone too is a material whose variations and flavours have arisen from natural forces.

He stands back a moment, breathing heavily. ‘This is 
the stone they used for Stonehenge. How the hell they managed to create a flat surface with just stone tools simply beggars belief.’ 

*

Stone was, of course, one of the first materials used by early humans for tools. Other locally available materials, including wood, bone, tusks, antler, shells, animal hides and clay, would also have been utilised, but, being largely biodegradable, such artefacts rarely survive. So stone is the stuff that lends this oldest age its name.

It’s easy to forget that the Stone Age chronologically dominates human history.4
 The Stone Age continued until stone technologies were superseded by metalworking in bronze, a change that heralded the Bronze Age, starting in the Middle East around 3300 BC. 

This means that for 99.8% of the time in which tools have existed, stone has been the best material available. My study of stone wouldn’t be complete without some sort of appreciation for its historical usage, so I attend a flint-knapping masterclass at the Institute of Making, run by archaeologist and expert on primitive technology, Karl Lee. 

The session starts with a demonstration. Karl introduces us to a large, irregularly shaped lump of flint. In some areas, the outside surface is a golden beige colour, in others, deep craters reveal smooth, shiny grey stone with milky flashes.

Like limestone, flint is a sedimentary rock, which often forms within chalk beds. The bodies of many ancient ocean creatures contained silica, and when they died they formed a silica-rich sediment layer on the seabed. As the sediment was buried deeper, the chalk would be dissolved in some places, and it would be replaced by microcrystals of silica, which, over time and with the application of geological heat and pressure, formed the flint we know today.

Holding the large flint piece in one hand, Karl strikes downwards with a smooth, fist-sized stone in the other. The crack resonates around the reverberant space, lending onomatopoeic credit to this craft of knapping. 

Repeating the action, Karl rhythmically chips away at the flint. He turns the piece every few blows, inspecting its evolving form, systematically removing material to find the sharp, lozenge-shaped spearhead inside in a process called lithic reduction. The small shards tinkle musically as they fall to the concrete floor, and in a matter of minutes he’s surrounded by a brittle grey pile. 

Next, it’s our turn. We’re each given a chunk of flint and a smooth working-tool. The flint is supported in my left hand, a protruding corner overhanging the ends of my fingers by about an inch. The aim is to hit this corner to fracture a small, flat piece off the bottom of the flint chunk into my left hand. 


Gat. Gat. Gat. Shink! A successful fracture is heard before it is seen. As the stones collide, a so-called ‘cone of percussion’ travels through the material, a forceful shock­wave which, if done right, tears the material apart. The master knapper can achieve cuts of different shapes by manoeuvring the angle of the blow. 

The fracture marks left behind are typical of brittle materials that don’t have any other weak points in their texture. This ‘conchoidal’ fracture is named after the 
shell-like surfaces left behind when the material breaks, featuring concentric ripple-like lines similar to those on a clam-shell. 

The fragments appear glassy, and the material is extremely porous – even as I hold the pieces in my hand, it soaks up sweat from my palms. The satisfaction of a successful strike provides a dopamine-filled reward, and I soon have a collection of flint pieces suitable for Stone Age arrow­heads by my feet. By the end of the afternoon, I’ve also accumulated several cuts on my palms and fingers from the sharp stone fragments. 

Karl has finished his piece; a teardrop-shaped spearhead about the size of an iPhone. Its surface is patterned with methodically crafted dimples, dark purply grey in the middle, tapering to a translucent mauve at the razor-sharp, thin edges. Such objects were, really, the iPhones of their day; quite literally cutting-edge technology, and the start of the human quest for invention.

*

Back in Andrew’s workshop, he tells me that sarsen 
stone fractures similarly to flint, and that its superlative hardness arises from its formation. Around 55 million years ago, a thick layer of sand was deposited in this part of the West Country, which at the time was underwater. As tectonic plates moved around and oceans receded, the layer became raised above sea level, and groundwater containing dissolved silica formed a cement that glued the grains of sand together; sarsen is described as a sandstone which has been ‘silicified.’ The result is a hard and unforgiving stone; they can often be found by the sides of agricultural fields, moved by angry farmers for their tendency to break metal machinery. 

One final hit of Andrew’s sarsen stone sees a small chip about the size of a one pence coin fly off. He triumphantly hands it to me as a souvenir. 

The sarsens of Stonehenge were brought to the site before being dressed, their surfaces worked and finished with stone tools – soft bronze was no match for them. Having seen the toughness of sarsen first-hand, it’s clear Andrew is right – the dedication and skill of these early stonemasons is impressive.

Returning to my project, after more checking of angles and evening out of the surface, the final stage is to sand it down with a diamond pad. What looks like a dense kitchen sponge is a foam pad coated with miniscule diamonds. These hard particles abrade the softer stone, grinding it down to a smooth finish. Brushing away the dust, I suddenly see tiny ghost-like creatures emerge from the surface. It’s like the magical resolution you can achieve by looking underwater with goggles, compared to trying to view beneath the surface from above. The curved shapes of their milky translucent skeletons are resolved underneath the carved surface ripples. 

‘Yeah, that’s not bad, I’d give it seven out of ten! I reckon you’ve got a future as a stonemason,’ Andrew kindly concludes. Only seven out of ten? I think to myself. You know what, I’ll take it. ‘What I love about being a stonemason is that if you just have a punch, a claw, a chisel and a bolster, you can make pretty much anything out of stone.’

We return to the warmth of Andrew’s kitchen for a cup of tea. He reminds me that even this is affected by stone, the local geology dictating the levels of dissolved calcium and magnesium in the tap water, making it hard or soft. Limestone areas like this have hard water – more minerals are dissolved. The knock-on effect is the taste of tea, and limescale amassing on the element of his kettle.

As the sun sets, Andrew regales me with ghost stories, of a life’s work spent in ancient stone places steeped in mythology and spiritual significance. This is, perhaps, unsurprising. The permanence of stone structures tells of timescales stretching back long before our own lifetimes, legacies of generations past living on as imagined spirits. Stone’s acoustics can amplify unexplained noises when you’re alone in a building after hours. I think I’d be a stonemason that kept the lights on.

I’m grateful for the warmth and comfort of the train home. I’ve learnt that stonemasonry isn’t for the faint-hearted; it requires a strength and resilience to weathering just like these stone materials to hand. Yet it also requires sensitivity, a porousness to the environment, a noticing of subtle features and faces. Curiously human.

*

A few weeks on from my visit to Andrew, it’s 6am and I can’t sleep. The first sunlight is snooping rudely under my curtains, ignoring any efforts at obfuscation from their thin fabric, and the wren is reliably bellowing his morning song at me. After fifteen minutes I decide to admit defeat and swing my legs out of bed. 

It’s Sunday morning and, drawing back the curtains, I see that the sky is a dazzling blue. Grumbling at the screeching wren, I stuff my feet into old trainers and head outside for a dawn walk. 

Turning south, I walk towards the concrete pillars of the Barbican, their angular protruding balconies resembling the stonemason’s toothed drag, a tool which I’d seen Sam dressing the new limestone blocks of the Market Cross with. The acute sunlight accentuates the estate’s dimpled concrete finish, and I brush the backs of my fingers along it to feel the grooves. It radiates cold and grazes my skin, yet for such a hostile face, this tooled concrete finish is a human labour of love; after the concrete was poured and set, workers used hammers with high precision to expose the coarse granite aggregate chunks to the surface. Ancient tooling meets futuristic brutalism. The Shard winks sexily behind one of the towers’ right shoulders.

I pass skeletal steel construction sites fallen silent, the skinny yellow cranes ground to a halt for the weekend. On a weekday these streets would be bustling with activity, commuters scuttling between glass towers. Today they’re mostly deserted, save for one or two men walking alone in tracksuit bottoms on the phone, and a long-haired woman dragging a heavy-looking suitcase into a taxi.

The sunlight rarely reaches me as I weave my way through the narrow backstreets, obscured by high edifices, my path often submerged under elevated walkways. I pass opulent marble buildings and grand limestone corners; I’ve never noticed the skeletons of long-dead sea creatures vitrified in the stone before. 

The narrow passageway suddenly spits me out into a wide, bright gyratory. I hear a muffled clang, and pull off my headphones to ascertain if it was church bells or someone dropping a scaffolding pole. I check my watch. 7am.

The bonging-sound turns out to be the former – the bells of St Paul’s Cathedral announcing the hour, just as they’ve always done. Making my way round the building, I crane my neck up to see the intricate columns and beyond them the dome, my nemesis. The yellowy limestone pops against the deep blue sky, a glint of gold at its peak. This limestone behemoth still makes me feel small, years on from our traumatic first meeting. 

Turning back, I choose a different route, following my nose north and homewards. Among the characterless modern office blocks, I keep catching glimpses of surpris­ingly wild greenness. Weeds and ivy crawl over the tops of dilapidated ruins; remains of the original Roman city wall, an information board tells me. They look like an old rotten tooth in an expensively whitened smile. The board continues that this wall represents the defensive boundary around Londinium, built around the beginning of the 3rd century out of limestone from Kent. The gateways in the wall that intersected with the Roman road network are familiar: Ludgate, Bishopsgate, Aldgate. I feel small in time as well as space.

I rename my garden wren-friend Christopher, after the cathedral architect, and he keeps me company as spring turns into summer. His chirps – sometimes not dissimilar to the sound of flint-knapping – make me grin as I watch the sun trace its heightening daily arch through the postage stamp of blue sky visible from my desk. 

Having spent a day looking through a stonemason’s lenses, I certainly see my city in a different light now; my eyes have been opened to its fabric made from stone. This material, which has been our most trusted and longstanding friend, tells its own story for those who know how to read its bedded pages.

Not quite trustworthy enough to be climbed up, but still. 

Despite my discomfort with the heights of the likes of St Paul’s, I will admit that stone is a grounding substance. The seemingly infinite age of stone helps put our short lives and problems into perspective – even the timescale of cathedrals shrinks in comparison to the lifetime of stone. It’s the ultimate democrat of the material world – sitting just as proudly in a garden dry stone wall as in the superstructure of a great cathedral. 

And so, this brings us to the end of our journey searching for meaning through making, from scientific glassware and controversial plastic, through metals, clay, delicious sugar, and the animal, vegetable and mineral collection of natural materials in craft. There’s just one more place I need to go.

Notes

1 And yes, not collapsing just because I stepped on it.

2 It’s why ice cubes float in drinks, because ice is less dense than water. Most other solids would sink in their liquids.

3 As the name suggests, in this hydration reaction, water reacts with lime to form new chemical bonds. The material transforms from a sloppy paste into a stone-like material, hardening and solidifying around the gritty aggregate. Roman concrete was made from a mix of volcanic dust and lime.

4 In fact, the oldest stone tools, dated to 3.3 million years ago and excavated in Kenya in 2011, pre-date the emergence of the genus Homo by some 500,000 years.
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Epilogue

I descend the familiar foam-lined staircase, trying to simultaneously rummage through my rucksack for a biro. I’m slightly later than intended and the audience are already filling their seats in the darkened basement venue. The rocky pre-show music gives the energy of the room an edge, though the chattering audience don’t appear to have noticed. Looks like a rowdy one tonight.

My friend on the door waves me through and I slip into the empty bathroom at the back, behind the rows of close seating. Leaning against the sink, I scrawl some keywords onto the back of my hand:

Name
Book
1.Personality
2.Emotion
3.Culture
Blowtorch

Finding my felted make-up bag, I apply a quick touch of make-up and ruffle the front of my hair. A toothy grimace to check for remnants of a hurried sandwich. Ritual complete, I wash my hands before heading back out, accidentally wiping off half of my prompts. Oh well.

The show begins and I stand in the gloom at the back against the bar, enjoying the first few acts. As the MC re-settles the room before my slot, I pace at the perimeter, excited energy overspilling into restlessness, and speed through a mental rehearsal of my set according to the faint blue smears on my hand. Before I reach the end of my imagined run-through, the MC’s tone of voice shifts.

‘… Please put your hands together, shout, cheer, go wild and welcome to the stage, Anna Por-shy-ski!’ 

I jog up, grab the cool microphone, and move its stand to the side of the small wooden stage. The hard metal grille finds its place against my chin like a magnet. As I greet the seated crowd, invisible behind the spotlight glare, the free electrons in the metal microphone handle zap the warmth away from my palm, the loosely-bonded polymer molecules in the foam stoically cushion the soundwaves.

Although the function of this microphone hasn’t changed since my first stand-up gig, my understanding of this object is now wholly different. My adventures in handmaking have taught me that material choice is not merely a matter of functionality. The handle of the microphone could just as easily have been made from moulded plastic, but instead its designers opted for metal. Why? Perhaps because metal is heavier than plastic, making it feel more solid and dependable. The matte black surface finish helps with grip, and allows the microphone to blend into the background as merely a prop, rendering it virtually invisible. This microphone is designed with professionalism, trustworthiness and subtlety in mind. I’ve learnt that science alone can’t account for these mysterious material requirements.

*

Some processes can’t be rushed: the controlled heating and cooling of ceramics in a kiln, chipping increasingly finer fragments from a flat surface of limestone, evaporating water molecules from the surface of a fresh sheet of handmade paper. Similarly, it’s taken time for new ways of thinking to anneal in my mind over the course of searching for meaning through making. The changes have been subtle but perceptible.

And my pursuits in scientific research have continued in parallel to this story. When I wasn’t playing shadow to Britain’s craftspeople, my days would be spent dutifully carrying out scientific experiments. My line of enquiry was whether I could create some sort of smart fabric; a textile-like material that actively responded with movement to changes in its environment such as heat, light or moisture levels. I know it sounds like science fiction, but as is the case with almost any good scientific idea, somebody else had done most of the groundbreaking stuff already. Still, I hoped I could mimic their work and maybe come up with something incrementally significant.
 
Sitting upstairs in the Institute of Making I set about hacking one of the 3D printers with some scraps from the fabric drawer and a roll of masking tape. My hypothesis: could I pattern an ordinary textile with a temperature-responsive polymer in some sort of clever design to make it move on demand?

First, I need to know the structure of the fabric, so I turn to my trusty microscope. Through the glass lens of the eye-piece materialises the miniscule constructions of warps and wefts, threads enmeshed in an infinite crystalline grid. I swap it for another, and a forest of fuzzy V-shapes surface as I twiddle the focus dial. Aha! The fingerprint of a knitted construction. I think about how I had had to orientate the squares of my Scottish blanket at 90 degrees to each other because they were stretchier in the direction perpendicular to the rows of stitches. This gives me an idea about how I could use the directional mechanical properties of knitted fabrics in my favour …

Next, I need to decide on the design. The robotic head of a 3D printer takes its instructions from a computer so, firing up the software, I attempt to render the design in my head onto the dancing pixels on-screen. The fabric will be flat when it’s printed on, but become 3D when heated. I think back to the 3D visualisation required when peeling slender woody strips off the handle of a spoon, and rotate the virtual object with the mouse, eyes a-squint.

Finally, the printing itself. A 3D printer-head is a robotic plastic extruder – essentially a miniaturised version of 
James’s extruder, which pushed molten recycled plastic beads through a narrow nozzle. I remember how his invention had taken time to get up to temperature, the plastic oozing reluctantly at first through its aperture, becoming runnier and more pliable as the heater ramped up. To ensure a strong bond between plastic and fabric I need the former to flow into every crevice of the latter. I crank up the temperature dial on the 3D printer and click print. 

A series of iterations follows, fine-tuning the temperature, the pattern, the stretch and the thickness of the material substrate. By trial and error, I inch closer to success, a pile of discarded attempts mounting on the benchtop.

After several hours of this, I realise I’m the last one left in the workshop; the glow from the 3D printer allowed the darkness of outside to sneak up on me unawares. Packing up, I make my way out through the Materials Library, pausing, as I often do, to survey the wall of objects. Despite my daily commute through here, I continue to be taken by surprise by this material wonderland, both by new additions and by old friends.

The creepy neon-green crystal bowl and jaunty rubber duck rest up-lit in the gloom, wordlessly expressing their material personalities, while the steel barbed wire curls as menacingly as always above my head. There are objects in here that obviously express personality through subversion: a delicate glass hand-bell, an alarming paintbrush made with foot-long human hair, a comedy rubber egg. My adventures in glass, plastic and steel taught me how these personalities are articulated through material choices all around us. I zip up my waterproof jacket.

Brass, clay and sugar showed me how intertwined materials and making are to our emotions, from the objects they inhabit that shape a musical life to the placebo effects that take hold as we consume them, bringing the material within. I pick up a thin brass sheet and smile at its cool elastic twang. Placing it back onto its shelf, the potter’s wheel sits nearby in the gloom, a silent shrine to clay-splattered recovery.

Turning to leave, I pass by the ghosts of makers who sit behind each and every one of these objects: the glassblowers, artists, blacksmiths, trumpet-makers, potters, foodies, knitters, wood-carvers, paper makers, stonemasons and more. Without them, our culture wouldn’t exist at an individual, societal or historical level; wool, wood, paper and stone taught me that. 

I flip the light switches on a panel by the exit, and the quiet space plunges into darkness. Pushing through the glass door into the chilly night air, I look forward to getting home to finish knitting the baby blanket I’m making for a friend who’s soon expecting.

*

This journey has seen me look through the eyes of different materials experts to witness the parallel universes of their material knowledge. Through them, I think I might be ready to answer the questions posed to me earlier by my friends and audiences. Why are phone screens made from glass, even though they always smash? It’s because we want them to be. Because glass feels nicer than plastic; it’s cool to the touch and gives us a sense of high value. A plastic screen would be just as functional – might even perform better in some ways – but glass makes us feel like we’re the sort of person who deserves to have expensive things. It’s all about being human.

Which is the best plastic alternative? That’s the wrong question to ask. The solutions we seek will lie less in the materials themselves and more in the way that we use them. Design reflects society; single-use plastic is created from our demand for instant gratification and an easy life. Changing ourselves is the only way we will change our material world.

And what do you call everything that isn’t a material? I think that might be a question better answered by a philosopher.

I would like the takeaway message of this book to be just give it a go. When you’re made to believe you can’t do something because you made a terrible rabbit cushion that one time, it says far more about the people who reinforced that failure than it does about your actual future likelihood of success. Yes, be scared to fail, but do it anyway while being scared. My second tattoo was a jellyfish to remind me of this. 

Don’t be put off if you don’t find your thing right away. It takes time. Try things on for size, dabble elsewhere, put it down, pick it back up after years on a dusty shelf. If you previously identified as a scientist, wake up your dormant artist! If you see yourself as more of an artist, ignite your curiosity about the world of science – I promise it’s not just for boffins. This journey has shown me that it’s unhelpful for us to compartmentalise art and science as two opposing camps. Let’s all take a trip down an art–science continuum and see what delights we can find.

I’ve found it incredibly liberating to experience the subjective world of craft after a career in the objective scientific regimen; it’s been freeing to pursue activities that don’t have a correct answer. Throughout this process, and still in my current artistic endeavours, I’ve been blissfully ignorant of the rules. I feel envious of everyone who is similarly new to the world of science – you have the special privilege of being able to ask the best questions. 

So, what’s next? There are hundreds of materials and their crafts not covered in these pages – electronics, magnets, bone, concrete, gold, leather, glues, nanomaterials, radioisotopes, textiles, semiconductors, fur, liquid crystals, minerals, living matter, fluids, soil, diamond, gases … Even the ones that are featured have only been painted with the broadest of brush strokes. I’m looking forward to a lifetime of adding finer detail. 

And this was just my story with ten everyday materials. There are tales to be told about these substances from an infinite number of different perspectives – both professional and personal – that aren’t covered here. I hope that this book will inspire you to tell yours.
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