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	No. 1

	THE UPWARD THRUST OF WATER



One of the first, and most famous, scientific experiments was carried out by Archimedes, who lived in the third century BC. Not much is known about Archimedes’ personal life, but it seems that he was a relative of King Hieron II of Syracuse, in Sicily, and, after extensive travels, he settled down as the King’s astronomer and mathematician. According to legend, King Hieron had a new crown, probably in the form of a laurel wreath, made for him from a bar of gold he supplied to the jeweller, to give as an offering to the gods in a temple. He suspected that the jeweller had kept some of the gold and mixed in cheaper silver instead to make up the same weight for the crown. This would be a doubly serious matter; not only would the king be cheated, but the gods might be offended at being given an inferior offering. So Hieron ordered Archimedes to find out if the crown was made of pure gold – without, of course, damaging it in any way. Archimedes had no idea how to do this, and worried about the problem for days. Then, when stepping in to a bath filled to the brim, he noticed how the water slopped over the side as it was displaced by his body. The story has come down to us from Vitruvius, a Roman architect, in a book written two centuries after Archimedes had died. We do not know where he got it from, but this is where we get the image of Archimedes immediately realizing how to test the crown, and becoming so excited that he ran out into the street, naked and wet, shouting ‘Eureka!’ (‘I have found it!’).
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An imaginative portrayal of the Greek mathematician and physicist Archimedes (287–212 BC) in his bath. Archimedes showed that an object immersed in a fluid is supported with a force equal to the displaced fluid’s weight (Archimedes’ principle).




What Archimedes had realized was that the volume of water displaced from the bath was equal to the volume of his body immersed in the water. As silver is less dense than gold, if the crown were made of a mixture of silver and gold it would have to be bigger than a crown made of pure gold in order to have the same weight. And he could measure the volume of the crown, without damaging it, by immersing it in water and seeing how much water was displaced.

Nobody knows exactly how Archimedes carried out the experiment. But the most likely method is based on an observation he described in his book, On Floating Bodies. There, Archimedes explained that the upward force (buoyancy) exerted on an object placed in water (or any other fluid) is equal to the weight of fluid that is displaced. This is now known as Archimedes’ Principle. And, of course, the weight of water displaced will be proportional to the volume of water displaced.

The obvious way to use this to test the purity of the crown, as Archimedes must have realized, would be to balance the crown against exactly the same weight of pure gold on a beam balance above a tank of water. Then, the balance is lowered until the crown and the pure gold sample are immersed in the water, while the balance arm stays above it. If both objects are made of pure gold, they will each displace the same volume (and therefore the same weight) of water, experience the same buoyancy force, and stay in balance. But if the crown is less dense than gold it will have a bigger volume, displace more water, and be more buoyant than the pure gold, so the balance will tip down on the side of the gold. The beauty of this experiment is that you don’t actually have to measure the volume of the crown, or the volume of water that it displaces; you just watch to see if the balance tilts.

That, it seems, is exactly what happened. Archimedes did the experiment (or something very similar) and found that the jeweller had indeed cheated the king. About five centuries after Vitruvius, the story was re-told in a Latin poem ‘Carmen de ponderibus et mensuris’ which described the use of such a hydrostatic balance, and in the twelfth century a manuscript called ‘Mappae clavicula’ gave detailed instructions on how to make weighings in this way to calculate the proportion of silver in the adulterated crown.

Archimedes’ Principle also explains why a ship made of steel can float. A solid lump of steel displaces a relatively small amount of water, much less than its own weight, and sinks. But if the same amount of steel is spread out in the shape of a boat, or even a simple bowl (like a coracle), a larger volume of water is displaced, weighing more than the weight of the steel, resulting in a large enough upwards force to make the boat float.





	No. 2

	MEASURING THE DIAMETER OF THE EARTH



The first scientific attempt to measure the size of the Earth was made by a Greek polymath, Eratosthenes of Cyrene (276–194 BC), who was in charge of the Library of Alexandria in the third century BC. He was a contemporary and friend of Archimedes. His experiment involved some observations of his own, made in Alexandria, but combined with evidence from a far away place, the city then known as Syene (now Aswan), which he had never visited.

Eratosthenes learned that each year on the day of the summer solstice, when the Sun is at its highest in the sky, it was exactly overhead at Syene, south of Alexandria. Travellers told how the reflection of the Sun could be seen at the bottom of a deep well in Syene on that day. Even at the summer solstice, the Sun is not directly overhead at Alexandria, because, as Eratosthenes appreciated, the Earth is round. So he made careful measurements of the difference between the angle made by the Sun and the vertical at the time of the solstice, working out that this corresponded to one-fiftieth of a circle, or 7º 12ʹ of arc. Simple geometry told him that this meant that the distance from Alexandria to Syene was one-fiftieth of the circumference of the Earth, assuming (which is not quite true) that Syene lies due south of Alexandria.

The distance from Syene to Alexandria was well known even in Eratosthenes’ day (it is about 800 kilometres in modern units). Egyptian records gave the distance as 5,000 stades, and Eratosthenes checked this by asking camel train drivers how long it took them to make the journey (some sources say he hired a man to pace out the distance; but this may be apocryphal). This gave him a figure of 694 stades per degree, which he rounded off to 700. Multiplying by 360 gave him the circumference of the Earth – 252,000 stades (he could have just multiplied 5,000 by 50 to get the ‘answer’ 250,000, but apparently he did it the hard way).

So what is this in modern units? Unfortunately for us, the Greeks and Egyptians used slightly different stades, but the likelihood is that Eratosthenes, being Greek, used the Greek measurement, where one stade corresponds to 185 metres, which gives a circumference of 46,620 kilometres, only 16.3 per cent too big. In the unlikely event that he used the Egyptian measurement, with one stade corresponding to 157.5 metres, he would have come up with a figure of 39,690 kilometres, just a bit too small (less than 2 per cent smaller than the actual distance, 40,008 kilometres). Either way, it is impressive.
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Eratosthenes (c. 276–194 BC).




That was by no means the only impressive achievement of Eratosthenes. He used the information he found in the books in the Library of Alexandria to produce a three-volume book of his own in which he mapped and described the entire known world. He used grids of overlapping lines, like modern lines of latitude and lines of longitude, to locate places, and invented many of the terms still used by geographers today. More than four hundred cities were named and located in the book. Unfortunately the book itself, called Geographika, was lost, but parts of it have been reconstructed from references to it in other works. Book Two of Geographika included Eratosthenes’ estimate of the size of the Earth. According to Ptolemy, Eratosthenes measured the tilt of the Earth’s axis, which is related to the measurement of the circumference, very accurately, getting a value of 11/83 of 180º, which is 23º 51ʹ 15ʺ. He also worked out a calendar that included leap years, and he tried to establish a chronology of literary and political events going back to the siege of Troy.
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The World by Eratosthenes. 1886 replica of a map of the known world according to the Ancient Greek geographer, mathematician and astronomer Eratosthenes.




Eratosthenes was very much an all-rounder, so much so that he had the nickname ‘Beta’, because he was second best at everything, according to his contemporaries. The Greek geographer Strabo, who lived from about 64 BC to AD 24, described Eratosthenes as the best mathematician among the geographers, and the best geographer among the mathematicians. In mathematics, he is known for a technique called ‘the sieve of Eratosthenes’, used to find prime numbers. This simple method, which he invented, involves making a list (or grid) of all the numbers up to the biggest one you are interested in (for example, 1 to 1000). Then, you cross off from the list all the multiples of 2, the first prime number (4, 6, 8 and so on, but not 2 itself), and check that the next lowest number not crossed off is prime (if it isn’t, you have made a mistake!). If it is, cross off all the multiples of that number (but not the number itself), and so on. Once you get to the end of the list, the numbers that have not been crossed off form the list of primes.





	No. 3

	THE EYE AS A PINHOLE CAMERA




After the decline of classical civilization and before the European Renaissance, scientific knowledge was preserved and improved in the Arabic world. Greek texts were translated into Arabic and later from Arabic into Latin, which is how they became known to Europeans. But the Arabs also carried out original scientific work. The greatest scientist of the Middle Ages, the ‘Arabic Newton’, was Abu Ali al-Hassan ibn al-Haytham, known for short as Alhazen, who lived from about 965 to 1040 and carried out experiments in optics on either side of the year 1000. His influential book was published in Europe in Latin as Opticae Thesaurus (The Treasury of Optics) in 1572, five centuries after his death. It was a major influence on the ‘natural philosophers’ who started the scientific revolution in Europe.
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Abu Ali al-Hassan ibn al-Haytham (known as Alhacen, or Alhazen) (965–1040).




Alhazen’s key insight was that sight is not the result of some influence reaching out from the eyes and sensing the world outside, but is caused by light entering the eye from outside. In his own words, ‘from each point of every coloured body, illuminated by any light, issue light and colour along every straight line that can be drawn from that point’. This was not an entirely original idea. Philosophers had discussed whether vision was caused by an outward influence (emission) or an inward influence (intromission) since the time of Euclid and Aristotle. But Alhazen put together a complete, coherent package of ideas which he then proved correct by experiments based on the idea of a ‘camera obscura’ (literally, a ‘dark room’; the Latin term is the source of our modern word camera). In a dark room with a heavily curtained window, if a tiny hole is made in the curtain on a sunny day an image of the outside world will be projected, upside down, on the wall opposite the window. The phenomenon had been known to the ancients, but Alhazen was the first person to describe it clearly and explain what is going on.

Alhazen realized that light travels in straight lines. Light from the top of a tree in the garden outside the window of the camera obscura will go through the hole in the curtain to the bottom of the wall opposite. Light from the base of the tree will go through the hole and up to the top of the wall. Straight lines from other points on the tree, and from other objects outside the window, go through the hole in straight lines to corresponding places on the wall to make the image.

He might have stopped there. Before Alhazen, those philosophers who thought about such things at all, such as Euclid and Aristotle, usually stopped at this stage, without actually doing experiments to test their ideas. They tried to persuade people that they were right by logic and reason, without getting their hands dirty (Archimedes, of course, was a notable, but rare, exception). What made Alhazen a real scientist was that he went a stage further. It was one thing to show how a camera obscura worked, but something else to prove that the eye works in the same way. A thousand years ago, many people would have assumed that living things were not subject to the same rules as inanimate objects. To test whether this was so, he took an eyeball from a bull, and carefully scraped away at the back of it, thinning it down until he could see on the back of the eyeball an image of what was in front of the eye, almost exactly like a tiny camera obscura. He had proved that light travels in straight lines, shown how a camera obscura works, and established that no mysterious life force is needed to explain vision, just the same physical laws that apply to non-living things. And he had done so using what became known (eventually) as the scientific method – thinking up ideas (hypotheses) about how the world works based on observation, then testing those ideas by experiment. Today, an idea that passes the experimental test is upgraded to the status of a theory, while those that fail the experimental test are discarded. As the twentieth-century physicist Richard Feynman pithily put it, ‘if it disagrees with experiment then it is wrong’. Because he understood this and put it in to practice, Alhazen was arguably the first modern scientist.
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Alhazen’s representation of the eye as a ‘camera’.




Alhazen did much more than this. He wrote on a variety of scientific and mathematical topics, and his optical work alone filled seven books. He realized that light does not travel at infinite speed, although it is very fast, and he explained the illusion that a straight stick looks bent when one end is placed in water because light travels at different speeds in water and in air. He studied lenses and curved mirrors, working out how the curvature makes them focus light. But his place in history has been secured by how he worked as much as by what he studied. It was the true beginning of experimental science.





	No. 4

	DISSECTING THE HUMAN BODY





The scientific Renaissance began in the middle part of the sixteenth century, and a significant marker is the year 1543, when Copernicus published his famous book De Revolutionibus Orbium Coelestium (On the Revolution of Celestial Bodies), displacing the Earth from its supposed special position in the Universe, and Andreas Vesalius published De Humani Corporis Fabrica (On the Structure of the Human Body), going some way towards displacing humankind from a supposed special position in the animal world. Copernicus’s story is well known, and he did not, strictly speaking, carry out experiments. But Vesalius is less well known, and deserves more attention than he often gets. He did carry out experiments – on human bodies.

Vesalius was born in Brussels in 1514, but carried out his important work at the University of Padua (where he was Professor of Anatomy) in the late 1530s and early 1540s. Before that time, when human dissections were carried out (which was not very often), the actual cutting was done by barber-surgeons, who were little more (arguably less) than butchers. The professor would stand at a safe distance (literally without getting dirty) and lecture to students about what was being uncovered, using imagination as well as actual evidence. Vesalius changed all that. He carried out the dissections himself, showing as well as telling the students what was going on, and developing a much better understanding of the human body. He was helped by the civil authorities in Padua – in particular, the judge Marcantonio Contarini, who not only supplied him with the bodies of executed criminals but would time the executions to fit in with Vesalius’s need for a fresh cadaver for a lecture. This was in marked contrast to his time as a student in Paris, where Vesalius (like his fellow medical students) had been reduced to grave-robbing to get specimens for his studies.

Before Vesalius, the accepted understanding of human anatomy had been handed down since ancient times, and was based on the work of the Romano-Greek physician Claudius Galenus (known as Galen). In the Middle Ages in Europe, it was thought that the ancients had been much wiser than contemporary people, and that they had superior knowledge which could not be emulated, much less exceeded. But this was wrong. Galen was an enthusiastic dissector, but most of his work was carried out on dogs, pigs, and monkeys, because human dissection was infra dig in the second century AD. So his description of the human body was often wildly inaccurate.
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Andreas Vesalius (1514–1564).




The big contribution Vesalius made was not just to improve the understanding of human anatomy, but to stress the importance of using the evidence in front of you and your own experiments to find things out, instead of relying on the supposedly superior wisdom of the ancients. This, of course, echoed what was happening in astronomy at the same time. Vesalius, who once wrote, ‘I am not accustomed to saying anything with certainty after only one or two observations’, used to carry out ‘parallel dissections’ in which an animal body and a human body are dissected side by side, to highlight the anatomical differences between them, explicitly correcting Galen’s errors.

Vesalius also used highly skilled artists to prepare large diagrams to use in his lectures (a sixteenth-century equivalent of PowerPoint), and six of these were published as Tabulae Anatomica Sex (Six Anatomical Pictures) in 1538. He drew three of the illustrations himself, but the other three were made by John Stephen of Kalkar (Jan Stephen van Calcar), a pupil of Titian. Stephen is also thought to have been the main illustrator for Vesalius’s masterwork, the Fabrica, which appeared in seven volumes in 1643. But Vesalius’ pioneering activity did not stop there. The Fabrica was a book for experts – other professors and doctors. In order to make his work accessible to students, and even to educated laymen, he produced alongside it, and published in the same year, a summary officially titled De Humani Corporis Fabrica Librorum Epitome (Abridgement of the Structure of the Human Body) but known as the Epitome. And all before he was 30. He then gave up teaching, and spent the rest of his career practising medicine as a Court Physician, first to the Holy Roman Emperor Charles V and then to Charles’s son, Philip II of Spain (who later sent the Spanish Armada against England).
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Sixteenth-century frontispiece from De Humani Corporis Fabrica, showing a public dissection.




This change of career may have been caused by the opposition to his ideas from some of his peers, even in Padua. Jacobus Sylvius, a physician of the old school based in Paris, said that Vesalius was mad and that any advance of anatomical knowledge beyond Galen was impossible. It was more likely, he said, not that Galen was wrong, but that the human body had changed since his time. In 1543, science still had a long way to go.





	No. 5

	MEASURING THE MAGNETIC FIELD OF THE EARTH




If you were looking for a key date to mark the transition from a superstitious and mystical view of the world to the scientific study of our surroundings, you could do worse than pick 1600, the year in which the first book based solely on scientific experimentation was published. The book was called De Magnete Magneticisque Corporibus, et de Magno Magnete Tellure (Concerning Magnetism, Magnetic Bodies, and the Great Magnet Earth), usually shortened to De Magnete, and it was the work of an Elizabethan physician/scientist who had spent years studying magnetic phenomena.

William Gilbert had been born in 1544, studied at Cambridge and eventually became a Court Physician, first to Elizabeth I then to James I of England and VI of Scotland. As a wealthy gentleman, he was able to indulge his passion for science as an amateur, but reportedly spent £5,000 of his own money on this ‘hobby’. He died, probably of bubonic plague, in 1603.
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Title page of the second edition of William Gilbert’s De Magnete, published in 1628.




Some of the most important experiments carried out by Gilbert concerned the magnetism of the Earth. At the time, seafarers were opening up the exploration of the world, and the magnetic compass was an invaluable tool, although nobody understood how it worked. Gilbert discussed the behaviour of compass needles with ships’ captains and navigators, and disproved by experiment many superstitions, such as the idea that a magnetic compass could be desensitized by rubbing it with garlic, or even by garlic breath. He then worked with naturally occurring magnetic rocks called lodestones, shaped into magnetized spheres that he called terrellae (meaning little Earths). He studied the magnetism of these spheres with magnetized needles which could be moved around the spheres. Gilbert showed that these behaved like compass needles at different places on Earth, and concluded that the Earth had an iron core which behaved like a bar magnet, with a North Pole and a South Pole. Before he carried out these experiments, philosophers had argued that compass needles pointed north because they were attracted to the Pole Star, or, alternatively, that there was a large magnetic island at the north geographical pole.

All of this represented a dramatic scientific leap forward, which is so obvious to modern eyes that it is hard to appreciate its revolutionary nature at the time. Gilbert regarded his terrellae as models of the real Earth, and accepted that the results he obtained – for example, in the way the angle of dip of a magnetized needle depends on its place on the magnetized sphere – could be scaled up to tell us what the Earth itself is like. He was extrapolating from models to the world at large, a key feature of science in subsequent centuries.
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William Gilbert’s illustration of the angle of dip of a magnetic field surrounding the Earth; the line AB is the equator, C is the North Pole, and D is the South Pole.




As a result of these experiments, Gilbert was the first person to appreciate that, because magnetic opposites attract, the end of a magnet that points northwards (towards the north magnetic pole of the Earth) ought to be called the south pole. (In modern language, scientists sometimes refer to the ‘north-seeking’ pole and the ‘south-seeking’ pole of a magnet to avoid this confusion.) Gilbert said: ‘All who hitherto have written about the poles of the loadstone, all instrument-makers, and navigators, are egregiously mistaken in taking for the north pole of the loadstone the part of the stone that inclines to the north, and for the south pole the part that looks to the south: this we will hereafter prove to be an error. So ill-cultivated is the whole philosophy of the magnet still, even as regards its elementary principles.’

Indeed, it was Gilbert who introduced terms such as ‘magnetic pole’ and ‘electric force’ into the language. He was the first person to realize that magnetism and electricity (a word he invented) are separate phenomena, and his work on magnetism was not improved upon for two centuries, until the work of Michael Faraday.

Gilbert’s book caused a sensation in its day, and was highly influential. Galileo was one of its readers, and commented favourably on it in a letter to a friend. Indeed, Galileo described Gilbert as the founder of the scientific method. In Gilbert’s own words: ‘In the discovery of secret things, and in the investigation of hidden causes, stronger reasons are obtained from sure experiments and demonstrated arguments than from probable conjectures and the opinions of philosophical speculators.’ That is science in a nutshell, and in his book Gilbert was careful to spell out every detail of his experiments, so that other people could carry them out and see the results for themselves. But he cautions whoever does this ‘to handle the bodies carefully, skilfully and deftly, not heedlessly and bunglingly; when an experiment fails, let him not in his ignorance condemn our discoveries, for there is naught in these Books that has not been investigated and again and again done and repeated under our eyes’.





	No. 6

	MEASURING INERTIA



Galileo Galilei is famous for an experiment he did not carry out – but it was a real experiment, inspired by his work. He was Professor of Mathematics in Padua from 1592 until 1610, and during that time he worked in mechanics and astronomy as well as mathematics.

To put Galileo’s achievements in perspective, at the time he was working there were many people – educated people – who thought that a bullet fired horizontally from a gun, or a ball fired from a cannon, would fly a certain distance in a straight line, then stop and drop vertically to the ground. It was Galileo who first appreciated that the trajectory followed when a bullet is fired from a gun, or when an object such as a ball is thrown up in the air, is a parabola – and he carried out tests to prove this.
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Nineteenth century illustration showing a glamourised version of Galileo’s experiment rolling balls down inclined planes. Although the scene depicted is fictional, Galileo really did carry out such experiments.




Among the many experiments he carried out in the years around the turn of the century there was a series of studies in which he rolled balls with different weights down inclined planes. He timed how quickly the balls moved using his pulse, and reached two important conclusions. The first was that the ‘natural’ state of a ball rolling off the slope was to continue horizontally (literally ‘towards the horizon’), unless it was stopped by friction. Without friction, he reasoned, the ball would roll on forever. This was an early insight into what Isaac Newton, following Robert Hooke, developed as his ‘First Law’ of mechanics, that an object stays at rest or moves in a straight line at a steady speed unless it is acted upon by an outside force.

Galileo’s second discovery was that the speed with which the balls rolled down the slope did not depend on their weight. For any particular slope, it took the same amount of time for any of the balls to get from the top to the bottom. This applied no matter how steep he made the slope. So he concluded – without actually dropping things vertically – that, apart from the effects of wind resistance, all falling objects would accelerate downwards at the same rate.

This infuriated some of his colleagues, philosophers of the old school who believed that Aristotle, who said that heavy objects fall faster than light objects, could not be wrong. So, in 1612, two years after Galileo moved from Padua to Pisa, one of them really did drop two weights from the leaning tower in a public demonstration intended to prove that Aristotle was right. The balls hit the ground very nearly at the same time, but not exactly. The Aristotelians said that this proved Galileo was wrong. But Galileo had an answer: ‘Aristotle says that a hundred-pound ball falling from a height of one hundred cubits hits the ground before a one-pound ball has fallen one cubit. I say they arrive at the same time. You find, on making the test, that the larger ball beats the smaller one by two inches. Now, behind those two inches you want to hide Aristotle’s ninety-nine cubits and, speaking only of my tiny error, remain silent about his enormous mistake.’4

Among other things, this true story highlights the power of the experimental method. If you carry out an experiment honestly, it will tell you the truth, regardless of what you want it to tell you. The Aristotelians wanted to prove Galileo was wrong, but the experiment proved he was right – within, as we would now say, the limits of possible experimental error.

By 1612 Galileo was nearly 50, and his days as an experimental physicist were essentially over. His famous clash with the Church authorities in Rome did not take place until the 1630s, and led to his spending his final years, from 1634, under house arrest at his own home (a relatively lenient sentence considering that he had been forced to confess to heresy). There, he summed up his life’s work on mechanics and promoted the scientific method pioneered by Gilbert in a great book, Discourses and Mathematical Demonstrations Concerning Two New Sciences, usually known as Two New Sciences, published in 1638 in Holland. The book was enormously influential, the first real scientific textbook, and an inspiration to scientists across Europe – except, of course, in Catholic Italy, where it was banned. As a direct result, from being a leading light in the scientific renaissance, Italy became a backwater, while the real progress was made elsewhere.





	No. 7

	CIRCULATION OF THE BLOOD





Even after the publication of the Fabrica (see here), in the second half of the sixteenth century and early in the seventeenth century there was still strong opposition to the idea that classical teachers such as Galen could be wrong. So, although the English physician William Harvey was born in 1578 and studied the circulation of the blood in the early decades of the seventeenth century, he did not publish his discoveries until 1628, by which time he had gathered an overwhelming weight of evidence to support his ideas. (He did, however, give lectures on his work in 1616.) The result was a book, De Motu Cordus et Sanguinis in Animalibus (On the Motion of the Heart and Blood in Animals, known as De Motu), which presented an open-and-shut case based on a series of genuinely scientific experiments carried out over the previous two decades. All this was done in Harvey’s spare time as a successful physician who had studied in Cambridge and Padua and, like William Gilbert, became (in 1618) one of the Court Physicians to James I, and later personal physician (a much more important post) to Charles I. Both Williams were contemporaries of another William, Shakespeare, who died in 1616.
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Title page from William Harvey’s De Motu.




Before Gilbert, following the teaching of Galen, it was thought that veins and arteries carried two different kinds of blood. One kind, supposedly manufactured in the liver, was thought to be carried through the veins to nourish the tissues of the body, getting used up in the process and being replaced by new blood from the liver. The other kind of blood was thought to be carried in the arteries, conveying a mysterious ‘vital spirit’ from the lungs to the tissues of the body.

As with Gilbert (see here), the way in which Harvey worked and presented his results was as important as the discoveries themselves. He did not base his ideas on abstract philosophising, but on direct measurements and observations. The key insight came when he measured the capacity of the heart and, by taking a typical pulse rate, worked out how much blood it was pumping each minute. He found that, in modern units, a human heart pumps about 60 cubic centimetres with each beat, adding up to nearly 260 litres in an hour. That much blood would weigh three times as much as a human, so it was clearly impossible that it was all being manufactured in the liver (or anywhere else) every hour. The only alternative was that there was a lot less blood, and that it was continuously circulating around the body, out from the heart through the arteries and back through the veins. An equivalent system circulates blood between the lungs and the heart, carrying not ‘vital spirit’ but oxygen. All this was born out by Harvey’s observations of the tiny valves in veins (discovered by one of Harvey’s teachers in Padua, Hieronymous Fabricius) which allow venous blood to flow towards the heart, but not away from it.

Having reached this conclusion by observation, Harvey then established his case with a series of experiments, one of which stands out for its simplicity and clarity. If he was right, there must be a connection between arteries and veins. As arteries lie deeper below the surface of the skin than veins, he tested this by tying a cord (ligature) around his own arm, tight enough for it to cut off the flow of blood in his veins, but not in his arteries. As blood continued it flow from the arteries into the blocked-off veins, the veins behind the ligature swelled up dramatically. He also pointed out that arteries near the heart are thicker than those further away from it, because they have to be strong in order to cope with the powerful pumping action of the heart.
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Woodcut from William Harvey’s book, De Motu Cordis et Sanguinis in Animalibus. The illustrations show the valves in the superficial veins of the forearm. On the left, a finger has been passed along the vein from O to H (away from the heart). The stretch of vein is emptied and remains so because of the valve at O.




There were still elements of mysticism in Harvey’s thinking, and he saw the heart as not merely a pump but a place where the blood was made perfect by ‘the foundation of life, and author of all’. It was René Descartes who took the next step, drawing on Harvey’s work, and said, in 1637, that the heart is simply a mechanical pump.

Although his book caused great interest in England, Harvey’s ideas about the circulation of the blood were not fully accepted during his lifetime, except by pioneers such as Descartes. One reason was that blood-letting was then (and would long remain) a treatment for illness, and the rationale for such treatment would be undermined if there was a limited amount of blood in the body.

Harvey died in 1657 and soon afterwards the development of the microscope (see here) made it possible to see the tiny connections between veins and arteries, establishing once and for all that Harvey had been correct.





	No. 8

	WEIGHING THE ATMOSPHERE





In the early 1640s, the Italian Evangelista Torricelli investigated the problem that water could not be pumped up (by a suction pump) from a well more than about 30 feet (roughly 9 metres) deep. The way these pumps work is similar to the way it is possible to suck water into a bicycle pump if the open end is placed below the surface of the water. If you had a very long bicycle pump standing upright in a swimming pool, you would be able to suck water up to just over 30 feet, but no further, no matter how hard you pulled on the handle. Torricelli reasoned that the weight of the air pressing down on the surface of the water in the well could push the air in a pipe up this far, but no further. So he set out to test the idea using a denser liquid, mercury, instead of water. Mercury is roughly fourteen times denser than water, so Torricelli worked out that a column of water 30 feet high must exert the same pressure at its base as a column of mercury a bit more than 2 feet (more than 60 centimetres) high. He found that if a glass tube sealed at one end and full of mercury was stood upright with its open end in a dish of mercury, the level of the mercury in the tube would fall to 30 inches (76 centimetres), leaving a gap above the top of the mercury in the tube, and matching his calculation. The gap contained nothing at all, and became known as the Torricelli Vacuum.

Torricelli noticed that the exact height of the column of mercury in his tubes changed from day to day, and he realized that this was because the pressure of the atmosphere weighing down on the mercury in the dish was changing. He had invented the barometer. Torricelli died in 1647, but his discoveries were taken up and developed by the Frenchman Blaise Pascal, who studied the way the pressure of the air, measured by this kind of early barometer, varied with the weather. Another Frenchman, René Descartes, visited Pascal in 1647, and suggested that it would be interesting to take a barometer up a mountain, to find out how the pressure of the air changed with altitude. Pascal lived in Paris, but his brother-in-law Florin Périer lived near a mountain, the Puy-de-Dôme, and in 1648 Pascal persuaded him to do the experiment. Périer write to Pascal to describe what happened:


[image: img]
© Science Source/Science Photo Library
Imaginative illustration of Florin Périer measuring the air pressure as he ascends the Puy-de-Dôme, a volcanic mountain in France with a height of 1464 metres.




‘The weather was chancy last Saturday … [but] around five o’clock that morning … the Puy-de-Dôme was visible … I decided to give it a try. Several important people of the city of Clermont had asked me to let them know when I would make the ascent … I was delighted to have them with me in this great work.

… at eight o’clock we met in the gardens of the Minim Fathers [monastery], which has the lowest elevation in town … First I poured 16 pounds of quicksilver … into a vessel … then took several glass tubes … each four feet long and hermetically sealed at one end and opened at the other … then placed them in the vessel … the quick silver stood at 26" and 3½ lines above the quicksilver in the vessel … I repeated the experiment two more times while standing in the same spot … [it] produced the same result each time …

I attached one of the tubes to the vessel and marked the height of the quicksilver and … asked Father Chastin, one of the Minim Brothers … to watch if any changes should occur through the day … Taking the other tube and a portion of the quick silver … I walked to the top of Puy-de-Dôme, about 500 fathoms higher than the monastery, where upon experiment … found that the quicksilver reached a height of only 23" and 2 lines … I repeated the experiment five times with care … each at different points on the summit … found the same height of quicksilver … in each case …’5

Equally importantly, the priest at the bottom of the mountain reported that the reading on his barometer had not changed during the day. There was less weight of air pressing down at the top of the mountain than at the bottom. So the experiment revealed that the atmosphere gets thinner as you go higher, and suggests that if you go high enough it will thin out entirely, with a vacuum above it, like the vacuum above the mercury in Torricelli’s tubes. Pascal then carried out a mini-version of the experiment by carrying a barometer up about 50 metres to the top of the bell tower at the church of Saint-Jacques-de-la-Boucherie. The mercury dropped by two ‘lines’. Many people, including Descartes, refused to accept Pascal’s interpretation of the evidence, and insisted that there must be some invisible substance filling the ‘empty’ space in the tubes and (presumably) the space above the atmosphere. But further experiments eventually proved that Pascal was right (see here).





	No. 9

	RESISTING THE SQUEEZE



Following the experiments of Torricelli, Pascal, and his brother-in-law, the study of the vacuum became one of the hottest topics in science. In order to investigate this phenomenon, scientists needed very efficient pumps that could suck air out of glass bottles and other vessels. These pumps were hi-tech by the standard of the day – the seventeenth-century equivalent of modern particle accelerators such as the Large Hadron Collider. The very best air pumps available in the 1660s were made by the British scientist Robert Hooke, who was working at the time as an assistant to Robert Boyle. Boyle was a pioneering scientist (he helped to found the Royal Society) inspired by the work of Galileo, and once said that in investigating the world ‘we assent to experience, even when its information seems contrary to reason’.
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© Royal Astronomical Society/Science Photo Library
Robert Boyle’s experiment to demonstrate the greatest height to which water could be raised by pumping. Boyle stood on a roof approximately 10 metres above a barrel of water and used a pump to suck water from the barrel up a pipe. From ‘A continuation of new experiments physico-mechanical, touching the spring and weight of the air, and their effects’, by Robert Boyle (1669).




Hooke’s design for a vacuum pump was based upon a cylinder with one end closed, containing a piston that stuck out from the open end of the cylinder. The end of the piston was cut with teeth which engaged with a gear wheel that could be wound with a handle to push the piston up, forcing air out through a one-way valve, then pull the piston down, leaving a vacuum in the tube (there is a replica of Hooke’s pump in the Science Museum in London). When a glass vessel was attached to the pump via another one-way valve, the piston could be pumped up and down repeatedly, sucking more and more air out of the glass vessel.

At about the time Hooke was developing his pump, in the late 1650s, another Englishman, Richard Towneley, was repeating the experiments carried out by Florin Périer, using a Torricelli barometer, on Pendle Hill in Lancashire. He surmised that the lower pressure of air at higher altitude is because the air is thinner (less dense) there, and mentioned this idea, which became known as Towneley’s Hypothesis, to Boyle. Boyle was intrigued, and gave Hooke the task of carrying out experiments to test the hypothesis.

The simplest of these experiments did not involve the air pump. Hooke took a glass tube shaped like the letter J, with the top open and the short end closed. He poured mercury into the tube to fill the U-bend at the bottom (just like the U-bend in a kitchen sink), sealing off the air trapped in the short arm of the J. When the mercury was at the same level on both sides of the U-bend, it meant that the trapped air was at atmospheric pressure. But when more mercury was poured in to the tube, because of its extra weight the pressure increased and forced the air in the closed end into a smaller space. Boyle was not a great one for calculations, but Hooke was, and he made careful measurements of the amount of mercury being added and the amount by which the trapped air was squeezed, which showed that the volume of the trapped air was inversely proportional to the pressure. In other words, if the pressure doubles, the volume is halved; if the pressure triples, the air is squeezed into a third of its original volume, and so on.

Other experiments carried out by Boyle and Hooke did use the air pump, and showed, for example, that water boils at a lower temperature when the air pressure is reduced (which explains why it is hard to make a good cup of tea on top of a mountain). This was a very tricky experiment, as it involved placing a mercury barometer inside a sealed glass vessel where the water was being heated, to monitor the pressure as air was pumped out.

The experimental results were first announced to the world in Boyle’s book, New Experiments Physico-Mechanical Touching the Spring of the Air, published in 1660. But at that time he did not explicitly spell out the inverse law relating volume and pressure. That appeared in the second edition of his book, published in 1662, and as a result it became known as Boyle’s Law, even though Hooke had done the experiments and made the calculations on which the law was based.

All of this was important to scientific thinking, because it supported the idea that the air is made of atoms and molecules, flying around and colliding with one another. It was also important in practical terms, because the realization that air has weight, and that it can be extracted using pistons to leave a vacuum, fed directly into the idea of the steam engine (see here).





	No. 10

	REVEALING THE MICROSCOPIC WORLD



Robert Hooke may have missed out on getting his name attached to ‘Boyle’s’ Law, but he soon achieved an even greater experimental success as a pioneer of the use of the microscope. In the second half of the seventeenth century other experimenters also studied the world of the very small using lenses to magnify tiny objects, but it was Hooke who did the most thorough job, and explained his discoveries in a book, Micrographia, which was published in 1665. It was written in English, unusually for the time (most learned tomes were written in Latin), and easy for any educated person to understand. Samuel Pepys called it ‘the most ingenious book that ever I read in my life’.
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© Natural History Museum, London/Science Photo Library
Drawing of the head of a fly, from Micrographia.




There were actually two ways to achieve the kind of magnification needed to make microscopy worthwhile. One was pioneered by Hooke’s contemporary, the Dutch draper and amateur scientist, Antoni van Leeuwenhoek. His ‘microscopes’ were single tiny lenses, some no bigger than a pinhead, mounted in strips of metal. They had to be held very close to the eye, and acted as powerful magnifying glasses – so powerful that they could enlarge images 200 or 300 times. These were very difficult to work with, but van Leeuwenhoek made many important discoveries, including tiny living creatures in droplets of water. Hooke used this kind of lens when he needed to pick out the tiniest details in the objects he studied, but he also used a different experimental setup, the forerunner of modern microscopes. These microscopes were made from combinations of lenses, mounted in tubes 6 or 7 inches long (approximately 15–18 centimetres), similar to the way in which telescopes are made. They were easier to work with, but did not give such powerful magnification as the tiny single lenses.
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© British Library/Science Photo Library
Seventeenth-century drawing of a flea observed through a microscope by Robert Hooke (1635–1703).




But ‘easier’ does not mean ‘easy’. Anyone who has used a microscope knows that it is important to have a bright light shining on the object being studied at the focus of the instrument. But there was no electric light (or even gaslight) in the 1660s. Candles were not bright enough to do the job. So Hooke used an ingenious arrangement of glass lenses and round containers filled with water to act as spherical lenses to focus light from the Sun (or sometimes a candle) on the object of interest. This worked well for inanimate objects. But he also wanted to study living things, such as ants. These would soon crawl out of the focus of the microscope, but if he killed them then their bodies shrivelled up. He tried sticking them down with wax or glue, but they still wriggled about too much to be studied. Then he hit on the idea of dosing them with brandy to make them unconscious. The ant, he said, was soon ‘dead drunk, so that he became moveless’.

Of course, there was no way to photograph the objects under the microscope, and Hooke’s book is full of beautiful, detailed drawings of what he saw. A seventeenth-century experimenter had to be an artist as well as a scientist. Hooke showed his readers how much irregularity there is in something as seemingly perfect as the point of a needle or the edge of a razor, and he also showed them how much regularity there is in crystals. This, he said, must result from a regular arrangement of the particles making up crystals – an early hint at the existence of atoms.

But perhaps his most spectacular realization was that fossils are the remains of once-living creatures. In the middle of the seventeenth century, it was widely accepted that these peculiar stones, resembling living things, are just pieces of rock that have been distorted by some unknown process to look like living things. But Hooke, with the evidence of his microscopic studies in front of him, said that fossils are not simply contorted pieces of rock. The details matched the patterns of living things too precisely for that to be true. He said that the fossils we now call ammonites must be ‘the shells of certain Shellfishes, which, either by some Deluge, Inundation, earthquake, or some such other means, came to be thrown to that place, and there to be filled with some kind of mud or clay, or petrifying water’. And he realized that because such remains are now found far from the sea, there must have been major changes to the Earth in the past. The reference to a ‘Deluge’ seems to have been a sop to those who believed in the literal truth of the story of the Biblical Flood. Hooke made his own views clear in a lecture at Gresham College in London, where he said that ‘parts which have been sea are now land’, and ‘mountains have been turned into plains, and plains into mountains, and the like.’ A profound inference to draw from looking at tiny objects through a microscope.
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	ALL THE COLOURS OF THE RAINBOW



Isaac Newton is widely regarded as the greatest scientific thinker that ever lived, and the emphasis in this appreciation is usually on his skills as a theorist, propounding the laws of motion and, most famously of all, the law of gravity. But like his contemporaries, Newton was also a ‘hands-on’ scientist – a practical man who did his own experiments, often using equipment he had designed and built himself. This approach transformed science in the 1660s, largely because of the influence of the Royal Society, founded in the early years of that decade (it received its Royal Charter in 1663). The motto of the Society was (and is) Nullius in Verba, which can be loosely translated as ‘take nobody’s word for it’. From the outset, they did not simply accept hearsay reports of scientific discoveries, but carried out experiments and demonstrations themselves to test such claims. (In the early days, Hooke was the man who did the experiments.) Newton came to the attention of the Society in 1671 because of his practical skills – he had designed and built a new kind of telescope, useful for astronomical investigations, which focused light using a curved mirror rather than a lens. The telescope was shown to the Royal Society by Isaac Barrow, a Cambridge mathematician who had been one of the first people to recognize Newton’s ability. Newton himself was by then Lucasian Professor of Mathematics in Cambridge, but lived a quiet life and largely kept his
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