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Dedication

To my family, and to all who are helping to manufacture a better world.
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Prologue

Things were not going to plan. There was no way this was going to end without someone getting hurt. ‘Please,’ I implored, my voice barely audible over the shouting, ‘there’s enough for everyone! Be careful, some of these things are sharp! One at a time!’ It was no good. The laptop keyboard seemed to have exploded, wires hung limply from a gaping hole at the back of the PC, and Mr Incredible was clearly going to need medical help.

* * *

A week earlier, I had been sitting in my office when I received a call from a teacher at a local primary school. She wanted someone to give a talk as part of her school’s ‘science week’. I tried to explain that I wasn’t a scientist but rather a manufacturing engineering academic. This was met with: ‘Sure. Sounds great. There’ll be around sixty nine-to-ten-year-olds, and the session is forty-five minutes. Monday next week at 9.30 OK for you? Turn up a few minutes before and we’ll show you to the room. Thanks a lot!’ Click.

I put down my phone and scratched my cheek. What on earth was I going to talk about? As this talk was a whole week away, I wasn’t overly concerned. Six days later I sprang into action. I got up early on Sunday morning to give myself an uninterrupted block of time. Plucking a nice fresh sheet of A4 paper from the printer and a pleasingly sharp pencil from the cracked mug on my desk, I sat down and got straight to work.

The empty page stared back at me. I nudged it so that it aligned neatly with the edge of the desk. I started doodling some pictures of factories and ships. Then, I carefully wrote the words ‘How does stuff get made and delivered to you?’ in the middle of the page. I looked at this for a few moments before, with my brow furrowed and the tip of my tongue poking out of the corner of my mouth, slowly drawing a neat cloud around the question. I underlined each word. Twice. Chewing on the end of the pencil, I tried to suppress a queasy, rising sense of panic.

How could I possibly make manufacturing interesting for a room full of pre-teens?

Then, inspiration struck. I threw down the pencil and strode out to our shed. There, sitting on the floor covered in cobwebs, in the dark amongst bits of old bikes, were some long-dead computers. I hauled these onto a table, grabbed a screwdriver and started to take them apart. As I pulled out circuit boards, disk drives, desiccated spiders, bundles of wiring and stacks of connectors, I came across what I had hoped to find. On neat little labels or directly printed in wobbly dots on various cables and components were the words ‘Made in Malaysia’, ‘Product of Mexico’, ‘Assembled in the USA’, very occasionally ‘Made in the UK’ and most frequently ‘Made in China’.

I returned to my desk with a plan.

We all live in a manufactured world

Despite the pervasiveness of the online, the virtual, the cloud-based and the app-enabled, we cannot survive without real, physical, manufactured things.* Just look around where you are now. Everything you can see – other than plants, rocks, people and other animals – has been made by someone and delivered to where it is needed. Unless you are currently floating naked through space, you are right now in immediate contact with multiple manufactured products. Throughout every day of your life you will be wearing, consuming, being transported or sheltered by, communicating through or being restored to health by manufactured products.

Yet the processes by which these items appear in our lives are, to most of us, largely invisible.

And that has some worrying consequences.

It hasn’t always been this way. Go back three centuries and you’d be much more likely to have close, even personal connections with those who made the things you needed – from tailors to potters, butchers to bakers, blacksmiths to carpenters. I am not naively painting some rose-tinted picture of pre-industrial revolution life, but a shorter distance between production and consumption had some advantages. Local production made visible to the immediate community any waste or pollution being generated in the process; we would know about poor working conditions because the people enduring them would be from our village or town; and we would see that the money we bought things with supported our neighbours’ families.

Over time, thanks to industrial revolutions, the rise of consumerism and globalisation, the bonds between those who make and those who buy have been stretched thin to the point of near invisibility. I have absolutely no connection with the people involved in the making of the laptop on which I am typing these words – I clicked a few buttons on a website four years ago and a couple of days later this miracle of engineering arrived in a box at my front door. I have similarly remote connections with those who made my pens, chair and coffee mug, and it’s the same for those who made the clothes I am wearing, the house in which I am sheltered from today’s showers, the car and bicycles parked outside, the food in my fridge . . . you get the picture. Manufacturing has become like the sewage system: essential for our lives, yet out of mind until things go wrong.

And recently, a lot of things have been going wrong.

When manufacturing goes bad

We all need things, we all want things, so things get made. We get the products we require or desire; manufacturers get the income needed for their businesses to thrive, to provide jobs for their workers and returns for their owners. (Or, reversing the equation, manufacturers sometimes make things and then create desire through advertising.) The long-overdue realisation of our need to focus on planetary sustainability, however, is changing everything. Manufacturers know that splashing some green over their logos or sticking a picture of a tree or a dolphin on their packaging is not going to cut it. We as consumers and those who produce for us now (in most cases) have shared values focused on behaving in a way less likely to damage or destroy our world.

This has been a remarkable and rapid change, one that can be seen in the rocketing sales of electric vehicles, the transformation of our attitudes to single-use plastics and the frantic competition amongst firms and nations to announce that they will be ‘net zero’ by 2050/2040/2030.*

This change in attitude has arisen as the connections between production, consumption and the survival of our world have become shockingly clear. In this context, some see manufacturing as ‘a problem that needs fixing’ (quite reasonably, given that manufacturing activities constitute one of the biggest contributors to global CO2 emissions).1 But manufacturing is also a key part of the solution. Manufacturing firms are going to make the machines that will give us widescale access to renewable energy, ensure sustainable sources of food and deliver clean transportation. So could we make all our manufacturing truly sustainable? And can we, as individuals, do anything to help?

The answer to both of those questions is yes, and this book will explain how.

At its heart, manufacturing is all about making physical items (production) and moving them to where they are needed (logistics).

Everything we buy or use must be moved from where it was produced to where it will be used. My desk, and everything scattered over it – pens, Post-its, laptop, phone-resetting paperclip, desk lamp, Tintin figurine – had to be made and then physically moved, in most cases hundreds if not thousands of miles. We get to glimpse some of these movements: we see shipping containers on the backs of trucks, ubiquitous white delivery vans, occasional freight planes flying overhead and cargo ships floating on the horizon glimpsed from the shore.* While we are able to see snippets of those product journeys, we rarely appreciate their scale and complexity – and we almost never see the actual production.

It’s as if there are two worlds. There is our visible ‘regular world’: our homes and places of work, study, retail, leisure and healthcare. Then, there is the partially visible ‘manufacturing world’: the mines, farms, factories, processing plants, warehouses, construction sites and power plants that feed the regular world. This second world is either all-too-clearly externally visible – it’s pretty hard to hide a car factory, an Amazon warehouse, or an oil refinery – or completely out of sight owing to it being on the other side of the world. But very few of us get to see inside and understand what is going on within the innards of the ‘making’ part of the manufacturing world.

The near-disastrous session with those primary schoolchildren on that grey Monday morning in Cambridge was one of my early exploratory attempts to bridge these two worlds.

* * *

The laptop keyboard disintegrating as it smashed into the floor marked a turning point of the school assembly.

‘Stop!’ The room fell silent as my host deployed her far superior crowd-control skills. ‘Everyone, go back to your seats.’

I swiftly turned to look for mine before realising she wasn’t talking to me. As the children shuffled and giggled their way back to their chairs, my pulse lowered below 150 and I surveyed the aftermath of the riot.

To my surprise, the result was kind of what I had hoped for, even if the process had been a bit more chaotic than intended. There, spread out on the tables at the front of the room was a big map of the world and, stacked in neat-ish piles over different countries, the components of dismembered computers, phones and toys. The biggest pile was over China, and atop the circuit boards and microchips, the Mr Incredible figurine sat, head horribly twisted, staring mutely back at me. Via stage-managed(ish) destruction, the children had been able to produce a simple, tangible model of a supply chain: the globally scattered operations of making and moving that need to be co-ordinated and connected to deliver something to you.

With this book, I aim to provide you with a deeper and broader-ranging version of that schoolroom exercise (with less screaming and fewer tellings-off from a teacher). As I set out to start writing, tragic global events made crystal-clear why we all need a better understanding of what is happening within the manufacturing world.

The surprising fragility of our manufacturing systems

Back in 2020, consumers in wealthy countries stared in disbelief at empty supermarket shelves. They were stunned by the sudden inability of online retailers to deliver whatever they wanted within twenty-four hours.

Stories about shipping container costs and labour shortages in Chinese factories that would have previously appeared only in niche publications such as the Journal of Shipping and Trade or buried in articles in the Financial Times started appearing in our regular newsfeeds. Many people were introduced to the sometimes daunting language of manufacturing for the first time. This is a world where the assembling of swaged, flanged and fettled components takes place in an acronym soup (BOM, ECN, SPC) enriched with the language of logistics, be this inside the factory (where runners, repeaters and strangers are moved by SLAM-co-ordinated AGVs) or beyond (where SKUs are packed into TEUs – using appropriate dunnage – with agreed Incoterms to avoid any demurrage).*

As pandemic-induced chaos hit the manufacturing world, commentators and politicians scrambled to understand, communicate and respond to what was going on. My colleagues, who had become resigned to never talking about their work at social events, suddenly found themselves the centre of attention at parties (well, at least at some parties). These same colleagues knew their time in the spotlight had arrived as they watched prime ministers and presidents confidently combining the words ‘supply’, ‘chain’ and ‘resilience’ as they read from their autocues. And cries of What is going on!? Why can’t we just make the things here? led to awkward press briefings where many politicians struggled to explain why we couldn’t instantly start or ramp up local production of things like surgical masks, rubber gloves and medical ventilators.

So, not only is the manufacturing world damaging our planet, but it is susceptible to damage itself, leaving us vulnerable to shortages in our times of need, as the COVID-19 pandemic and many other crises since have revealed.

So, what’s it really like in that ‘other world’?

This book seeks to hammer wider the fractures that recent events have made in the wall between our ‘regular’ and ‘manufacturing’ worlds. But to write this book and take you through into that other world, I had to overcome a problem. As I planned the contents, I started to realise that I had some glaring gaps in my knowledge on some specific aspects of manufacturing. This was partly the result of something that affects all of us, and it has a name: the illusion of explanatory depth.2 Meaning? Most of us know a lot less about some things than we believe or would like to admit. We convince ourselves that we could explain something if asked, but if we need to describe that thing in any detail, we start to struggle.3

So, I went to visit a lot of factories, listened to lots of very smart people, did a lot of reading and watching and then stitched together all I had learned. Luckily, as I work at the University of Cambridge in an organisation called the Institute for Manufacturing, I had access to a wide network of people who could – and kindly did – help. These people ranged from those who work in manufacturing companies of all sizes to those who design government policies to support manufacturing, from specialists advising or investing in manufacturing firms to academics exploring the cutting edge of manufacturing technologies.

I then used another tool at my disposal that arises from my day job: our amazing students. Helping very smart students learn about manufacturing is a great way to ensure I have a good understanding of all the key aspects and how they fit together. As rightly challenging as our students are, though, they are nothing compared to the ever questioning brains of primary school children. Our institute’s programme of outreach to schools in our community allowed me to test the quality of my explanations with those toughest of crowds.4 By reading this book, you are benefiting from the repeated intellectual beatings I have received via years of working with Cambridge students and the multiple ‘character-building’ school assemblies and classes I have given to hundreds of children.

The structure of this book also reflects my own changing understanding of the world of manufacturing. For my first eighteen or so years, in common with almost everyone I knew growing up in a very rural corner of the UK, I barely gave a thought to how things arrived in my world. Through a very non-linear career path, manufacturing gradually became a core part of my working life. But the more I grew to understand and appreciate it, the more I became troubled by how little so many otherwise well-informed and smart people seemed to know – or frankly care – about what goes on inside this other world. And, as we’ve already seen, the impact of climate change and recent crises has revealed with stark clarity the dangerous consequences of not paying it due attention.

I want to help you reach that realisation much faster than I did. However, in around eighty thousand words, I know that there is no way we are going to be able to cover everything. There are so many enticing rabbit holes down which we cannot dive, so to provide an outlet for those who want to know more, there is a website to accompany this book.* That website includes suggested ‘Further Readings’ along with videos and other resources exploring different aspects of topics covered in the next two hundred and sixty-three pages.

What this book will do for you

Before you read any further, I want to make what I hope is a reassuring disclaimer: this is not going to be a preachy book. I like ‘stuff’, especially gadgets, cars and planes, and I love – and see huge value in – international travel. I don’t really want to have to make a confusing ethical judgment every time I buy something. If I could, I would keep my click-and-deliver life. Part of me wants to believe that the woes of the manufacturing world and its impact on planetary survival are all someone else’s problem, and that things are all somehow going to be fine. But they won’t be unless something changes, and changes now. The reality is that you and I need to change what and how we choose to buy. If we understand more about what goes on in the manufacturing world and how it interacts with every aspect of our lives, we can make choices that are better for our families, our communities and our planet.

This might be slightly overselling, but by the end of this book you should have an amazing new superpower. The next time your finger or cursor hovers over the ‘Buy Now’ button, or when you find yourself staring at a packed supermarket shelf or wandering around a shopping mall, you will be able to appreciate what has led to each product coming into existence and being made available for you, and the cascade of events that will result from your decision to buy. And at the risk of being overdramatic and clichéd, this power really does come with great responsibility: your use of this could help slow – or even start to reverse – the damage we are causing to our natural world and improve the lives of future generations.

So, no pressure.

To help you develop this new superpower, we need to head off on a journey to seek the answers to two big questions. Why is our modern manufacturing world so fragile and so damaging to the planet? And what can be done to make it less fragile and damaging?

To do that, we need to delve into the innards of this other world, to see why we make, move and consume things the way we do. Then, we need to look at how things are changing for the better, and what you and I can do to accelerate these changes.

Join me now in taking the first step of that journey by exploring the extraordinarily convoluted tale of the making of one particular soft, strong and absorbent product.




Part One

How Things Work in the World of Manufacturing




1: Magic

The jaw-dropping complexity of manufacturing even the simplest thing

At 6.30 on a dark March morning back in 2020, I reached from under the covers to silence my beeping phone. Drawing it to my face, muscle memory guided my thumb to the BBC News app. Squinting at the screen, my half-awake brain struggled to decipher this headline:


Coronavirus: What’s behind the great toilet roll grab?1



Typing that sentence now, ‘the great toilet roll grab’ has a comedic tinge to it. Some news outlets took things to amusing lengths: Australian newspaper prints extra pages to help out in toilet paper shortage.2 Others sneered on social media at those who rushed to stockpile toilet roll (while discreetly clicking ‘+1’ on their own shopping orders) as the implications for daily life of COVID-19-related lockdowns became clear. Those empty shelves in the supermarket personal hygiene aisles were symbolic of a much bigger and more worrying issue.

The global pandemic of the early 2020s revealed how extraordinarily delicate the system is that connects all the companies and people that make, distribute and sell us consumer staples such as food and toiletries. When it works well, we take it for granted; when it judders or grinds to a halt, we are jolted to disbelief and outrage. Why is a system that is essential for our daily lives so fragile that it collapses at the first sign of trouble?

To understand that, ‘the great toilet roll grab’ gives us an informative case study. Before revealing the details of that particular pandemic-induced psychodrama, though, we first need to understand how these soft sheets of paper end up in our toilets and bathrooms in non-crisis times.

How to make toilet paper

Back in 2020, my knowledge of the process of making loo roll was rather limited. I knew that trees and some kind of rolling mill were involved, but what happened between those two points and beyond was somewhat hazy.* So, I went to find out how this whole specific manufacturing system works.

To help share what I found out, I first need you to do a little practical exercise.

If you are able to do so, please put down this book or device and go and find a roll of toilet paper. Tear off one single sheet and take a good look at it. You’ll see that it’s a rectangle measuring about ten by twelve centimetres, possibly with some pattern or lettering on the surface. It will have wispy tufts along the short edges, the residue of the perforations that allowed you to separate it from its neighbour with a precisely calculated amount of force. You might also notice that the paper is textured or slightly crinkled – this is a feature added during the production process to improve absorbency.

If you tease the edge of the sheet, you should be able to separate it into two, three, four or – if you are very posh – possibly five separate layers (or ‘ply’). If you have managed to separate the ply, run your fingers over each surface. You might be able to detect a slight difference in the texture, partly a result of the glue used to bond the layers. This is also an indication of the different lengths of fibres stacked up within each single ply to ensure the optimum balance of strength and softness. A single ply could be a blend of pulp from Scandinavian trees (good for strength) with that from South American trees (good for softness).

Decades of research by engineers and scientists have resulted in the product now partially disassembled in your hand. Armies of people have been involved in the designing, making and delivering of this most basic of products to you at the right price and quality for your particular budget and preference. In countries where toilet paper is commonly used,* the average consumer will use over one hundred rolls per year.3 Each of those sheets has made a remarkable journey to reach your hand. I’d now like to take you to a midge-infested location that illustrates one possible starting point of that journey.

From tree to pulp*

I’m standing beside a loch in the Highlands of Scotland, feeling a bit sorry for myself. The morning had started well. I’d drunk my early morning coffee sitting on a grassy slope under blue skies, listening to tweeting birds and smelling bracken warming in the sun. Now, up in the muggy damp hills, I’m sweaty, tired and bleeding. I love Scotland, but in summer, there are two things that can distract you from enjoying the stunning landscapes: the tiny midges that irritatingly cloud around and latch on to exposed skin, and the tenacious horseflies that feast on any flesh that is stupid enough to present itself before them.

Once I paused my swatting and swearing long enough to look up, what I could see laid out before me was extraordinary. Surrounding all sides of the insect-infested loch, carpeting the rolling hills as far as my eyes could see, were millions of densely and darkly packed identical trees. This was not leafy, ancient woodland: this was industrial production of coniferous trees, grown as a crop to provide raw material for construction, energy and, of course, paper.

In the UK, around twenty thousand people work on planting and chopping down trees. Add in all the people involved in various things that get done to the wood once harvested – saw-milling, pulping and making panels, paper and, well, anything made of wood – and the number swells to around 140,000. Together, these people are worth around £8 billion to the UK economy. Globally, the forestry sector employs more than twenty million people directly and forty-five million indirectly. And they generate $0.5 trillion and $1.3 trillion respectively. Key point: it’s a big industry.4

Given that trees rather obstinately refuse to grow very fast, forestry is an industry with long production cycles. From seeding to felling takes decades – between forty and 150 years, depending on the type of tree and purpose for which the wood is needed.

The tree production cycle has four phases. First, there is preparation (from seed to little sapling), then planting (a very manual process of sticking each sapling into a mound of earth) and then thinning (as saplings are planted very close together to protect them from the elements during their pre-school years, the ones that survive to teenagers are then too close to each other and need weeding out before they fully mature). Finally, once the appropriate number of decades has passed, the harvesting can begin.5 And in the same way that sophisticated technology has been developed to harvest food crops (such as giant combine harvesters dustily churning their satisfyingly neat way through golden wheat fields), the world of forestry also has some frankly terrifying-looking machines to deploy.

Pretty much everything about ‘tree harvesting’ or ‘forestry harvesting’ machines is impressive.* Long gone are gangs of axe- or even chainsaw-wielding lumberjacks in the world of commercial forestry. Instead, think Japanese anime-style Transformers but with rather dull names such as the Komatsu 931XC-2020 or John Deere 1470G, which come with multi-six-figure price tags. They all look a bit like what you’d expect some over-caffeinated engineers to come up with when asked to build a giant robot lumberjack from spare parts lying around in a farming equipment factory. These machines have big wheels or tracks (to allow off-road traversing of steep inclines), a power unit, an operator’s cab (the interior of which is filled with joysticks, screens and a ludicrous number of buttons) and a long, articulated arm, at the end of which dangles a slightly mad collection of toothed wheels, chainsaws, blades and sensors. The operation of these highly analogue machines is enabled by digital wizardry that allows the operator to plan and manage the whole felling process with military precision.

Before the first tree is touched, the operator plans each phase of the chopping, marking out areas for storing logs and ensuring that trees not yet ready for the brutal embrace of the 931XC-2020 or 1470G remain untouched.

The act of felling is indecently speedy. The dangly bit on the end of the harvesting machine’s arm opens a set of jaws which grab the base of the tree. An in-built chainsaw slices through the trunk and the tree falls from vertical to horizontal, still gripped at its base by the jaws. The machine’s sensors then measure the diameter and height of the tree, and its on-board tech works out the optimal way of cutting up that particular tree that minimises waste. With this information, in a blur of spinning wheels, whirring blades and flying woodchips, the machine feeds the tree laterally through its clenched jaws, stripping off all small branches and stopping exactly at the points where the chainsaw can slice the stripped trunk to the right lengths for different uses. The chopped trunks and spindly top branches are then neatly stacked, ready for collection.

Decades of growth, gone in sixty seconds.

Once these lumberjack Transformers have completed their brutal mission, the separate parts of the trees are shipped off on trucks for processing at a sawmill, leaving a landscape that resembles the aftermath of a sustained artillery bombardment. Almost every part of a tree will be used for some purpose. Even the roots and teeny branches are intentionally left behind to rot down and enrich the soil for the next generation of trees to be hacked down by the lumberjack’s children or grandchildren.

Over at the sawmill, the tree trunks are de-barked and sliced into beams, planks and boards ready to be shipped off to become roofing frames for new houses, large items of furniture or freight pallets. Bark and other leftover parts are used as chippings for playgrounds and mulch for gardens. Even the sawdust and wood shavings are sold as bedding for animals or pressed into pellets for fuel. The larger branches and tops of trunks are trimmed to become fenceposts or chipped – with another terrifying blade-spinning machine – then compressed to make flooring, roofing panels and, of course, our much-loved flat-pack furniture.

Some of these woodchips are sent off to another location – a pulp mill – to take the next step in making sheets of toilet paper just like the one you hopefully still have nearby. Here the woodchips are subjected to torture by heat and chemicals to separate out the three main constituent parts of wood – lignin, hemicelluloses and the core ingredient of that sheet of toilet paper, cellulose fibres.6 Once the cellulose fibres are separated out, they are sent to a ‘pulp former’, a machine which disentangles and aligns the fibres, extracts the water and spits out stiff-ish poster-sized sheets of two-millimetre-thick dried pulp. These are bundled into bales about the size of suitcases to be shipped off to a rolling mill, typically many hundreds of miles away, often in a different country.

From pulp to paper

At the rolling mill, those suitcase-sized bales of dried pulp are cut open and chucked into a machine a bit like a giant washing machine that thrashes these sheets up with water.* The resulting watery pulp is then sprayed in separate layers onto a five-metre-wide speeding wire mesh, which then carries the sprayed pulp at over sixty kilometres per hour over multiple drying stages. At the end of these stages, it is wound onto a giant steel roll from which soft, warm paper is scraped off with a giant razor blade and onto a spool.

Speed and scale? One kilometre of five-metre-wide toilet paper produced every minute, rolled onto one giant ‘mother roll’.* Ply from multiple ‘mother rolls’ are embossed with a pattern and glued together, then chopped to the width of the paper you had in your hand earlier. Fourteen thousand rolls of toilet paper are produced every hour.

The last stage is to wrap the rolls in their outer packaging, bundle them onto pallets (possibly made from wood harvested from that forest in Scotland) and load the pallets onto the backs of trucks – each carrying fifty thousand rolls – for the next part of their long journey to your smallest room.

Distributing and retailing

Wherever you buy your toilet paper, it will have spent some time in a vast, externally uninspiring bit of architecture called a distribution centre or fulfilment centre. These giant, windowless sheds tend to be clustered together at ‘strategic locations’ – that is, places from where it is easy to get to lots of other places. You’ll have seen these massive, crinkly-façaded warehouses from the car or train grouped together in business or industrial parks. These are places where things are delivered in bulk and then sorted, stored and sent onwards with air-traffic-control-like precision in smaller bundles to other warehouses or directly to factories, shops or homes.

Since supermarkets became a common feature of our economies in the 1950s, most of us have grown accustomed to having ready access to all our staple goods in one place. Supermarkets cannot function – they cannot sell us the things we need – without the seamless integration of the activities of the hundreds of firms making and shipping all the products we expect to find on the shelves when we walk through the door. As such, supermarkets represent the very visible end-point of more supply chains than perhaps anywhere else accessible to the public.

‘What we are doing’, says my friend Bill, the manager of a large supermarket for one of the UK’s largest chains, ‘is kind of a magic show. Customers walk in and the very thing they want is just there. They have no idea how it got there, and they take for granted that it will be there. It is amazing how well this all works.’

‘Rubbish!’ shouts his partner preparing dinner in the background. ‘The other day, I was in your shop and tried to find . . .’ There followed a rant about things not being available, items being moved to different aisles and staff not being around to help find things.

Bill sighs. He is well used to comments like this, and not just from his partner. He will have been at the store at 7 a.m., and the first thing he will have done is check that the ‘night fill’ of the shelves has been completed properly, ready for the first customers to walk through the door. At key points during the day, he will come down from his office to the shop floor to work with his team to do the ‘facing’ – bringing products to the fronts of shelves to make them easily visible and accessible to customers. He knows there are certain key products that, if not in plentiful and readily visible supply throughout the day, will cause customers to get very grumpy and next time go to a competitor instead.

One of those key products is toilet roll.

Despite the protestations of Bill’s partner, the fact that there are usually ample supplies of the required rolls on the shelves of every supermarket really is a kind of magic, especially when you start to think about the variety of products for sale.

It’s worth a quick look at the numbers. The specific package that contained the roll of toilet paper from which you tore a sheet earlier represents what supermarkets call a single ‘stock keeping unit’ (SKU). All SKUs have a code number that allows supermarket managers to keep track of everything arriving and leaving the store. For example, a four-roll pack of Sainsbury’s Super Soft Cushioned or a twelve-roll pack of Tesco Luxury Soft are each one SKU. The larger or smaller packs of the same products are different SKUs.

And here’s what I think is a rather impressive number: thirty thousand.

That’s the number of different SKUs on the shelves of an average UK supermarket.7 That’s not thirty thousand individual items, such as loaves of bread or bottles of shampoo, but thirty thousand product types, each with its own barcode. The total number of individual items in a supermarket will be in the hundreds of thousands, and each one needs to be made, delivered and then put on the shelves by Bill and his colleagues. Multiply that up across the more than six thousand regular supermarkets across the UK,* and the scale of the magic trick that Bill and his colleagues at the shop level – and all those working in retail logistics – pull off every day becomes even more impressive. Millions of individual items that have each been made and moved to arrive at the right store at the right time and put on the right shelf for you to reach forward and take when and where you need it.

As you carry your packaged rolls of toilet paper through the checkout and transport this product to its point of use, you are acting as the last link in the supply chain for the remarkable manufacturing system that connects tree to toilet.

Doesn’t this all seem like a lot of effort?

The single sheet of toilet paper I teased apart earlier sits on my desk. I look at it next to the arrow-filled map I have sketched of the ludicrously complicated journey this superficially simple product had taken.

To get those rolls into those shops and warehouses, millions of trees are planted, thinned, felled, chipped and fed into a system that consumes lakes’ worth of water and power stations’ worth of energy to extract one ingredient. The whole system to make this product requires the brains and brawn of thousands of workers, millions of dollars of investment and the movement of materials and partly finished goods over thousands of miles. Its production requires vast machines to be designed, delivered, installed, run and maintained. Fleets of ships, trucks, trains and vans have to be dispatched hither and yon to make sure all the right things are in the right place at the right time. So much effort and consumption of resources to bring one mundane product into our lives to address one of our most basic needs.

Given the extraordinary challenge of synchronising so many interconnected activities, it is hardly surprising that things are likely to wobble a bit when confronted with a crisis of the scale of a global pandemic.

What was ‘the great toilet roll grab’ all about?

There were many temporary shortages of consumer staple products during the COVID-19 pandemic, but toilet paper made for easy headlines as it seemed to be something so basic. The panic buying was largely driven by the perceived threat of the pandemic and, research shows, individuals’ personality traits.8 However, you could claim that all consumers were being quite sensible. Households would need more toilet paper if everyone was going to be forced to stay at home, and it is something you really do not want to be without. As a result, just as COVID-19 lockdown restrictions were announced in 2020, toilet paper sales surged by over 700 per cent compared to the previous year.9 Since demand for toilet paper is usually very stable, shops only keep a stock for two to three weeks’ worth of sales; and not even the most flexible manufacturing system could cope with an instant sevenfold increase in demand.

In addition, manufacturers struggled with the peculiar characteristics of this surge in demand. The toilet paper industry has two distinct markets: commercial customers (e.g. office buildings, public facilities) and household consumers. While consumer toilet paper comes in smaller rolls, is commonly made from virgin fibre and is packaged in branded packs, commercial toilet paper is thicker, uses more recycled fibre and is packaged in large bundles. These two types of product are often produced in separate factories. The COVID-19 lockdowns led to a shift in demand towards consumer toilet paper as people spent more time at home and less time – or no time – out in public or at the office. In theory, mills making commercial toilet paper could have tried to redirect some of their supply to the consumer market, but shifting your product to target a different set of consumers is not like flipping a switch. It is complicated, expensive and slow, and manufacturers would have faced the same problem in reverse once people were released from lockdown and more normal buying patterns resumed.

So, ‘the great toilet roll grab’ was the result of perfectly rational stockpiling, amplified in some cases by the specific personality traits of customers, coupled with factories struggling to rapidly and temporarily reconfigure the making and delivery of appropriate products for different market segments.

Looking at the manufacturing challenges of just one type of product in the midst of a global crisis provides a helpful stepping stone to the discussion of a broader and very basic issue for manufacturing firms: how do you ensure that what factories produce and what customers want are always in balance?

Pulling off the toughest of balancing acts

Supermarkets provide a useful illustration of why balancing what we want against what can be provided is so difficult. When things are stable, when there is little variation, this balancing act is just about manageable. Those working in the planning departments of big supermarket chains will have terabytes of data that link those tens of thousands of SKUs with the past buying behaviour of their millions of customers, allowing them to predict with a pretty high level of confidence what customers will want and when they will want it. The purchasing teams at supermarkets can work with the vast number of external suppliers and their own logistics teams to ensure that all shops have just enough stock to satisfy their customers. Under these conditions, supply and demand can be pretty tightly matched.

But there will almost always be a bit of variation.

That could still be OK when it is predictable variation. For example, demand and supply for certain products will fluctuate with the seasons. Or there could be a major planned event like a seasonal holiday, a sporting event or a royal wedding; supermarkets know that customer preferences will change for that event and that suppliers will need to ramp up or ramp down their output before, during and after. That makes things a bit more complicated, but still broadly manageable.

But then the error bars on those predictions widen. Sure, supermarket managers know summer is coming, but will it be a cool or hot summer? Will it be wet or dry? These issues will affect not only how customers behave but also what suppliers can provide. Again, though, the supermarkets use some amazingly sophisticated tools to draw insights from the vast amounts of data they can now access on everything from weather predictions to sentiments picked up from social media posts.

However, there’s another layer to the unpredictability against which it is much harder to plan and respond rapidly: how do you factor in the impact of a war, or an unexpected election result, or a global financial crisis?

Those involved in risk management will typically look at two things related to such unknowns: likelihood and impact. Very few businesses can afford to invest too much preparing for events that have an incredibly low likelihood of happening, even if the associated impact would be high. Just think about how much it would cost for any firm to be 100 per cent prepared for a future global pandemic.

Realistically, it’s just not worth it.

Uncertainty has consequences across the three broad areas of activity within the manufacturing world: making, moving and consuming. To illustrate this point, I want to stay in the supermarket but take you away from the fragrant scent of the personal hygiene aisle and over to the coolness of the fresh food aisle.

In manufacturing, even the simple is complicated

I didn’t think that lettuce could be classed as a manufactured product until I spoke to my colleague Mukesh. He specialises in trying to understand why some manufacturing systems don’t cope well with various forms of disruption, and he uses this knowledge to help companies and governments do things to increase the resilience of such systems.

When I asked him to share an example of his work, somewhat to my surprise, he told me about lettuce. The picture he painted was way more involved than I had anticipated. The lettuce supply system has five steps between ‘field and fork’: farms, cooling facilities, distribution centres, customer outlets and customers. Within each one of those steps, there are multiple stages of activity – at the farm, for example, there is the land preparation, planting, cultivating and harvesting (which itself includes the multiple steps of cutting, trimming and packaging). Farms have three types of customer: the wholesalers who buy from farmers and sell on to the shops, the shops who buy directly from the farmers, and the processors who buy in order to do some additional ‘value add’ (chopping, mixing into salads, packaging into bags) before selling on to shops.

So, what sort of disruptions might this lettuce supply network face?

First, there are the obvious ones like huge variations in weather patterns. The consequences of this are clear. Crops are chosen for their ability to thrive in certain climate conditions. If those change, yields drop. But that’s not just a supply problem. As we know, demand may change depending on the weather. Lovely summer? More barbecues and picnics push up demand for salads. However, very hot weather is bad for growing lettuce, so in a heatwave, supermarkets may have to import more from cooler locations.

Systems like this are dependent on much more than just weather. For example, following Brexit, the supply of manual workers coming to the UK to harvest and transport lettuces started to dry up. Meanwhile, with the war in Ukraine and associated sanctions imposed on Russia, supplies of AdBlue – essential for running diesel engines cleanly – ran short. Why? Because energy price hikes had made it uneconomical to produce.10 Without AdBlue, modern diesel engines won’t run. No diesel-powered trucks, no way of getting lettuces from farm to distributors and retailers.

The example of lettuce production and distribution shows us some of the challenges of balancing supply and demand in the real world where things are in a constant state of change, uncertainty and unpredictability.

But what if the product is a bit more complicated than a bagged lettuce? What about a car with its fifteen to thirty thousand components?* Or an airliner with roughly six million?11 If it is a bit tricky to ensure the consistent supply of lettuce and loo roll, just imagine the headache of trying to ensure the resilience of the supply networks for all the components needed to make cars and planes. Yet, somehow, manufacturers manage to synchronise the making and moving of those thousands or millions of parts needed to get cars on the road and planes in the sky.

How is that complexity managed?

In order to have any chance of managing things, you first have to be able to know what is going on across the whole web of suppliers. And, as another colleague from the Institute for Manufacturing was about to explain to me, when you are dealing with supply networks for cars and planes, that is very far from straightforward.

To manage a complex system, you first have to visualise it

It was a picture-perfect early autumn morning as I steered my bike over the satisfyingly crunchy leaves that had blown onto the cycle path. Waiting for me at our institute on the campus to the west of Cambridge was my colleague, Alexandra. She had promised not to laugh when I asked her some really basic questions about automotive and aerospace supply networks.

Alexandra’s research explores how we can visualise and understand what is happening in the most complex of supply networks. She has no shortage of funding, as many big manufacturing firms need to understand their own networks better. They will, of course, know who their immediate suppliers are, but as you descend deeper into these networks, you’ll have less detailed information on your suppliers’ suppliers . . . and your suppliers’ suppliers’ suppliers . . . and, well, you get the picture. And if you don’t know who is buried down at the base of those networks – and what problems they might face – how can you assess the risk to your business should one of these suppliers fail to deliver?

Sitting with Alexandra in our institute’s common room, I try to focus on an image she is showing me on her laptop. The picture is a kind of mad multicoloured spider-web, combined with one of those Magic Eye things. As I polish my glasses, she is patiently explaining what it represents: a map of all the organisations involved in making one product (a car in this case). Each dot is one firm, each line a trade connection between one firm and another.

‘Complex network’ is a fair description of what is going on, and complex networks are, well, complex. But that word has a particular meaning here. Complex means that the dots are interdependent – something that affects one will affect others. And when you have lots of interdependent dots – or nodes – in a network, it is really hard to predict what will happen to the whole system when something happens to any one of the firms represented by one node. When things do change, the impact can spread very fast.

That is what has been happening increasingly frequently in the manufacturing world.

A node could represent one material supplier for a minor component in subsystems that form part of a slightly more important system that is part of something essential for the operation of a car, plane, phone, medical device or satellite. If something goes wrong at the first node – the material supplier – you want to know what the likely impact is going to be on the rest of the system. But things tend not to happen neatly, one at a time. What if several nodes across the network each face a disruption – a flood at one, a strike at another, a CEO getting sacked at another? What will be the impact on the overall system of those nodes facing simultaneous crises? These are issues even the most experienced manufacturing brains will struggle to cope with. And that is why more and more manufacturers are looking to AI to help them out – and why Alexandra’s lab is called SCAIL – the Supply Chain AI Lab.

The unintended consequences of being too efficient

There is another fundamental problem that makes these complex manufacturing systems more vulnerable to shocks, be they producing salads or toilet paper, cars or planes. We have inadvertently made them alarmingly fragile by trying to do a really good thing: reduce waste.

The supply networks being researched by Mukesh, Alexandra and their teams have been refined and optimised over many years to be as efficient as possible. Often this has been through the application of what is called ‘lean manufacturing’. One of the key principles of this approach is the reduction or, ideally, elimination of all forms of waste. In the world of lean manufacturing, ‘waste’ is any activity that consumes resources but doesn’t add value to the end customer. Under that definition, waste includes things like keeping some extra parts in the storeroom, or producing a few more things than you actually need ‘just in case’.12

Reducing waste means that costs can be minimised and hence prices kept low for us as customers. But if this is taken too far, you end up in a bad place. There are no back-up supplies in the back of the store to use when there’s a glitch in production; you don’t have multiple suppliers in case one has a problem, and instead you focus on operating things efficiently with as little inventory and few suppliers as possible. The result? Low-cost, high-quality products available very rapidly (which we all like). However, this relentless focus on efficiency can leave manufacturers with a much-reduced ability to respond when things go wrong – which, at some point, they inevitably will.

Every node and every connection on one of Alexandra’s supply network maps represents a risk. In the quest for low costs and immediacy, we have built systems that have no Plan B. But you can kind of see why manufacturers have done this. Who really believed that a 200,000-tonne ship with a capacity of twenty thousand TEU* containers would get itself wedged in the Suez Canal, resulting in over a tenth of all global trade between Europe and Asia being stopped? Or that a real, bloody, protracted land war could break out on the eastern edge of Europe in 2022, driving energy and crop prices through the roof? And how likely did a global pandemic and national lockdowns seem before 2020?

Such events have made visceral something that is normally obscure and remote. The global systems for making and delivering the things we need to function on a daily basis started to creak, and we didn’t like the sound. Then, when they snapped, the consequences of our blinkered understanding became all too clear.

Each recent crisis has amplified the necessity – and widespread desire – for us to take a good hard look at how products get made, delivered and consumed. And, as we shall see, this isn’t just about ensuring that we have manufacturing systems better able to cope with occasional disruptions. It is also about ensuring they do not inadvertently destroy our ability to inhabit this planet.

* * *

This brings us near the close of this miniature version of the rest of the book. We zoomed in to explore one small corner of the manufacturing world. By taking you on a sprint through the whole make-move-consume journey for one of the most mundane of products, I hope you can see that even the manufacturing of something as superficially simple as a sheet of toilet paper requires the co-ordination of a remarkably complicated set of activities.

We then zoomed out to look at some of the characteristics of the wider system. This system is simply extraordinary in the variety and number of products it can now make and deliver to attempt to slake our seemingly unquenchable thirst for more and better things. But we’ve also seen how this system has developed two emergent properties we are less happy with: it is mind-bogglingly complex and worryingly fragile. If we are to avoid suffering the worst consequences of these two unwelcome features, we, as consumers, need to be aware of our roles within this system and the consequences of the demands we make of it.

And that is exactly what the following chapters are going to help you do.

However, to understand what is going on, some simple tools, concepts and terms will be helpful.

To provide you with the first set of these tools and to add the first bit of detail to our picture of the manufacturing world, I can’t think of a better place to start than with some chocolate.




2: Make

What actually happens inside a factory?

The gold envelope is torn open and the card removed. A pause. I pretend not to care what the next words uttered by Bridget, the chair of the judging panel, are going to be.

* * *

The certificate still sits proudly in my office. Winning a prize at our institute’s annual charity baking competition (award sub-category: tray-bake) has been a definite career highlight. The creation that won me this prestigious award was a tray of chocolate brownies, baked, dusted and packed in a rush the evening before, then cycled to work in a bag dangling from the handlebars. This trivial example of production will help answer the very simple question: what happens inside factories – the part of the manufacturing world where things are actually made?*

To answer that question fully, I will need to take you on a journey to visit a range of different factories. However, without an understanding of some of the techniques of production, just looking inside some factories might not reveal that much. It’d be a bit like watching an action movie in a language you don’t speak, without subtitles. You’ll get a sense of the drama and excitement but won’t really understand why those people are shouting at each other, the significance of the clown or whose head they’ve just found in the bin.

Thankfully, I have some good news. Though I said at the start of this book that the world of manufacturing has its own at times daunting language, some of it is really simple and clear. To be able to interpret what is going on inside a factory, I reckon you just need seven words. All factories do the same thing: they take some inputs and do some kind of processing (people follow a method using machines and materials) to convert them into more valuable outputs. That’s the whole production part of the manufacturing world summed up in seven words.

And it doesn’t matter what is being made, those basic activities are the same. You have likely seen video clips of factories showing rows of workers making thousands of phones in vast city-like factory compounds, or millions of components being assembled in cavernous hangars into an airliner, and you might have thought, ‘That looks quite complicated.’ And it is. But the fundamental building blocks of methods, machines, materials and people brought together to run through the cycle of input > process > output are the same. So, if we want to understand the basics of what happens in a factory, it doesn’t really matter what product we look at – and that includes a tray of chocolate brownies.

A small domestic food factory

This factory is quite small: three metres by four. It contains two worktops, an oven, a stove, a fridge, some cupboards, a dishwasher and a frankly ludicrous number of tools of various sizes spanning the frequently to the never used. Some are simple manual tools, some are powered – and of those, some require my direct involvement, and some are partly or completely automated. There is one worker (semi-skilled), combining the roles of supervisor and shop-floor operator.

I pull out a recipe book from the shelf next to the fridge and zigzag between the cupboards, fridge and worktops, assembling everything required. I now have in front of me all the raw materials and tools I think I need.

Production can begin.

I heat some water in a small pan then place an alarmingly large amount of butter and dark chocolate in a Pyrex bowl, which I then plonk on top of the pan simmering on the stove. While those two ingredients slowly begin to melt, I weigh an equally concerning amount of caster sugar into a larger glass bowl and break in two eggs. I watch as the sugar and egg transform from granules and goo into a smooth creamy liquid, listening to the tone of the electric whisk changing as the mixture becomes less viscous. I return to the stove and poke at the chunks of chocolate and block of butter in an ineffectual attempt to speed up the melting process. I make a cup of coffee to fill the time and drink it while losing a staring competition with a squirrel sitting on the fence outside.

The warm smell of melted chocolate snaps me back to the task in hand. The mixture in the heated bowl is now a glossy dark brown liquid, ready to be added to the eggs and sugar. I grab a cloth, awkwardly pick up the bowl by its rim and walk slowly and steadily from stove to worktop. I add the melted chocolate to the big bowl and watch as the two swirling loops of dark chocolate and creamy, eggy sugar are whisked into one caramel-coloured whole. I almost drop the slippery hot bowl gripped in my non-dominant hand. Blending done, the recipe next tells me to sift in flour, cocoa powder and a magical additive called xantham gum.*

Then, crisis.

Opening the tin of cocoa reveals only dregs. Annoyed at my own lack of preparation, I grab my keys and coat and stomp out of the house to visit my local mini supermarket. Breathlessly returning a few minutes later with the missing ingredient, I pick up where I left off. I sift in the cocoa and gently fold everything together, adding orange zest to give a false hint of healthiness.

The now slightly gelatinous mix is poured into the lined baking tray, which I then shimmy to help the mix settle more evenly. The tray is placed in the oven. I spend the baking time on Duolingo, surprised as ever at the phrases the developers think would be useful to slip into future conversations.*

My phone timer sounds, and I bend to peer through the slightly grubby oven door. Perfect. The mix has risen, creating a beautiful stretched shiny surface. Opening the oven, I’m hit by a rush of steam that fogs my glasses, leaving me blinded and gormless. As sight returns, grabbing the nearest cloth to protect my hand as I fumble in the oven for the baking tray, I turn and almost throw the hot tray onto a cooling rack as the heat through the thin cloth becomes unbearable. A soft creaking and popping sound accompanies the cracking of the surface of the mixture while I cool my fingers under the flowing tap.

I push on to complete the final two tasks: I dust the hot brownies, my jumper and everything nearby with icing sugar, before slicing them into equal-ish pieces for serving. My hand reaches for a perfectly formed corner piece, but then I remember that these aren’t for me; they are for tomorrow’s baking competition.

With a deep sigh, I reach instead for a plastic container to seal the goods away from temptation.

* * *

For any manufacturing engineers reading this book, please accept my apologies. That flippant example was probably quite painful to read. But I want to use my obvious amateurism to reveal to everyone else how things should be – and are – done in real factories.

The value of mapping things out

One of the first things we get students to do when they join the institute is spend time in factories undertaking something called ‘value stream mapping’. It’s a simple but hugely useful exercise: we ask them just to watch what is happening, ask questions and dig out data, after which they draw a picture1 – a map – of the flow of people, things and information needed to complete a process. This is a great way of understanding what is going on, but it also provides an opportunity to spot where flows and tasks aren’t quite as smooth or efficient as they could be. For example, if I were to ask the students to watch me baking, they could quickly observe the time-consuming toing and froing (how many times did I walk between the cupboards, fridge and worktop?), highlight areas with potential risks (why am I turning and walking across the kitchen with a slippery bowl of melted chocolate?) or point out preparation issues (why hadn’t I checked the cocoa supply before starting?).

These maps often raise issues relating to how parts of the factory are laid out and where various things are positioned. For all sorts of reasons – lack of space, access to power, too difficult to move or ‘it’s just always been there’* – machines and tools might not always be in the best location. Some equipment might be movable (I could move the bowls, whisk and spoons a bit closer to the stove), but some might not (it’d be tricky to move a built-in oven to bring it closer to the worktop). The students quickly get to see that there are often things that could be done better, but that there may be very good reasons for why things are as they are.

In order to understand why things are happening in a particular way, we need to look at each of these recipe steps in a bit more detail. What we need to do is to explore how a manufacturing recipe – or what engineers call a process design – is developed. To do that, let’s briefly step back into the kitchen.

The starting point for any process design is answering two simple questions. What is the product? How many are going to be made? We’ll come back to that second question later, but for now I want to focus on how the nature of the product dictates the design of the process for making it.

A manufacturing engineer given the task of writing a recipe (process design) for baking brownies would begin with the final product and then define all the different ‘states’ it will have had to go through. For this example, the states are: raw materials prepared for mixing; tray of brownie mix in liquid form; single slab of baked brownie mix at room temperature; individual sliced and dusted brownies in a plastic pot.

Next, the engineer must work out what methods* are needed to convert the raw materials – or, as things progress in semi-finished form, the ‘work in progress’ – to the next required state. There could be multiple options for each of these transitions, or ‘unit processes’ (I could leave the butter and chocolate sitting in the sun rather than over a pan of hot water), and each option will have pros and cons (leaving things to melt in the sun will be quite slow, especially in winter in England
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Apparently, there’s more to life than baking
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The manufacturing project – constructing a building








Factories are reflections of the products they make




A brief history of how we make things9
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