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The late Stephen Hawking wrote a best-selling book called “A Brief History of 
Time” in which he described the intimate link between time and space – a link 
which was originally so famously made by Albert Einstein. Hawking’s book 
apparently lay unopened on many bookshelves because its concepts and 
mathematics were just too obscure and complex for most people to fully 
understand. You will be pleased to know that my talk today is not an attempt to 
explain the complex physics of time that Hawking described. Thankfully, it will 
be looking at a much more pragmatic understanding of time. It will concentrate 
on the ways that humans have tried to measure time through the ages, and the 
increasingly accurate devices they employed to make these measurements.

We will start this exploration of the History of Time-Keeping by investigating 
how...

ancient civilisations attempted to keep track of time. We will then examine how 
different cultures in

 medieval times began using a variety of increasingly mechanical timekeeping 
devices.

We will then follow the development of clocks using gears and escapements, 
especially in Europe. And lastly we’ll explore the era of

precision timekeeping that began with the pendulum clock and ends with the 
atomic clock that currently holds the record of being the most accurate timepiece
in history.

So, let’s begin...
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Humans have always wanted to measure and understand the passage of time. 
The daily rising and setting of the sun, for example, would have been an obvious
way for early humans to measure the daily cycle of night and day. And it 
wouldn't have taken long before they realised that the amount of daylight in a 
day was not always the same, but followed a pattern, related to the annual 
seasons. The length of daylight in the middle of Winter, for example, would 
have been noticeably shorter than in mid-Summer.
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At first there was probably not so much a need to measure the time of day but it 
would have been advantageous to measure the passing of the seasons. People 
needed to know when animals would be migrating or when certain plants would 
be in fruit. Later they needed to know when to sow and to harvest their crops, or 
when to store food in preparation for leaner times, or when to expect rains or 
snows or dry spells.

Centuries of observing the movements of the sun and the moon made it possible 
to measure this passing of time... at least on the scale of the passing of days and 
seasons.
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They also would have noticed, early on, the phases of the moon and how the 
cycle from Full Moon to New Moon and back to Full Moon, repeated every 29 
days or so. The connection between this periodic cycle of the Moon’s phases 
and the passing of 29 days is betrayed by the name we still give to this duration. 
Of course, we call it a month.
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More than 30,000 years ago a Neolithic skywatcher in Europe carved this 
remarkable calendar on a reindeer bone. It appears to show the daily changes in 
the phases of the Moon, making it, perhaps, the oldest known celestial clock, 
and an early indication of the human preoccupation with time. 
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Nearly 4,000 years ago someone created this 30 centimetre bronze disk 
depicting the Sun, a crescent moon and stars, including the Pleiades star cluster. 
This is the Nebra Sky Disk, and it was found in Northern Europe. We don't 
know exactly what purpose the disk may have served but it appears to show the 
precise alignment of the moon and stars that would identify when to insert the 
extra day that defines a Leap Year. This process is necessary every four years or 
so, of course, to bring the lunar cycles into sync with the solar year's seasons. 
The Nebra Sky Disk clearly shows that people were not only observing the 
heavens way back then, but they were also recording their observations and 
using those records to guide – and even fine tune - their measurement of time.
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Many ancient people recognised that the point on the horizon where the sun 
rises each day changes throughout the year. We now know that the daily rotation
of the Earth, the tilt of its axis and its annual orbit around the sun all combine to 
create this effect. They, of course, didn't know this. But they did know that twice
a year this sunrise point virtually stands still before it reverses direction. Ancient
observers recognised these times as mid-summer and mid-winter. Today we call 
these times the Summer Solstice and the Winter Solstice. You can see these in 
the top left and top right photos taken from the same position in Washington DC
in June and in December, respectively.

As sunrise began to move again in the other direction after it stopped, they knew
that the season was about to change. The sunrise in the top middle image was 
taken on September 22nd, on the day when the lengths of night and day are 
equal. This, of course, is the day of the Autumn Equinox . The image at the 
bottom indicates the sunrise positions at each month of the year. But it was the 
occurrence of the Solstices and the Equinoxes that were fundamental markers in 
measuring the passing of the seasons. 
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Around the world, the earliest observers used the position of the rising sun as a 
calendar. But it is Stonehenge, in Southern England, that is probably the most 
famous of these ancient celestial calendars. It is just one of many ancient stone 
circles found scattered around Britain and Europe, each of which is carefully 
aligned to various significant positions of the sun. Stonehenge’s key alignment, 
for example, is from the centre of the stone circles through the Heel Stone you 
can see in the background, to the mid-summer sunrise.

So, for thousands of years humans have had various ways of measuring the 
passing of time, at least on the scale of years, seasons, months and days. 
However, it is their attempts at dividing time into segments shorter than a day 
that I find to be most intriguing. So let’s see how they went about doing this...

Let’s start with Ancient Egypt. In a desert country where the Sun was revered as
a god it is perhaps not surprising that the ancient Egyptians primarily used the 
sun as their guide for determining the time of day.
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Shadow clocks like this one were probably the very first devices used to 
measure subdivisions of a day. Egyptian shadow clocks divided daytime into 12 
parts with each of these further divided into more precise parts. One type of 
shadow clock is shown here. It consisted of a long stem and an elevated crossbar
which cast a shadow over the marks on the stem. The crossbar was oriented 
eastward in the mornings, and turned around at noon, so that it could cast its 
shadow in the opposite direction. Another version of this shadow clock was later
developed with a curved stem which further increased its accuracy by 
compensating somewhat for the arc of the sun’s path through the sky.

Obviously the greater the height of the crossbar, the faster its shadow would 
move, and the more accurate would be the reading of the time. In ancient Egypt, 
the height of their shadow clocks reached its extreme in their obelisks.
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Obelisks functioned in much the same manner as the smaller shadow clocks. 
The shadow cast on the markers positioned on the ground and on the walls 
around it allowed the Egyptians to calculate the time of day. The obelisk, of 
course, didn’t have to be rotated at midday, so its shadow could also indicate 
whether it was morning or afternoon. Furthermore, by determining when its 
shadow was shortest you could pinpoint the exact day of the summer solstice. 
And similarly, the day when the shadow was longest would mark the winter 
solstice.
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A variation of the shadow clock, called the sundial, first appeared in ancient 
Egypt. Here is a photograph of the oldest known sundial in the world. It was 
found in the Valley of the Kings in 2013 and has been dated to about 1,500BC. 
Sundials were a considerable improvement on the obelisk and the T-bar shadow 
clocks, mainly because they were able to allow for the way that the Sun’s path 
through the sky varied with latitude.

So, how exactly does a sundial work?
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There are many varieties of sundial, differing in size, complexity and 
elaborateness, but the basic principle is always the same... At its centre is a thin 
rod or triangle, called a gnomon. As the Earth rotates beneath the sun the 
gnomon’s shadow moves around the graduated dial, thus pointing to the time. In
this way it acts much like the more ancient obelisk.

But the gnomon is not vertical like the obelisk. The gnomon is tilted. The angle 
of its tilt should match the latitude of the sundial’s location meaning that it 
should point directly at the North Celestial Pole if in the Northern Hemisphere, 
or at the South Celestial Pole if in the Southern Hemisphere.
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In other words, the top edge of the gnomon that casts the shadow should align 
with the Earth’s axis of spin. This means that the way the shadow moves no 
longer changes with the seasons, making the sundial much more reliable than a 
vertical obelisk.

However, dividing the period of daylight up into twelve equal parts regardless of
the season has an obvious drawback... namely, the length of an hour as 
determined by a sundial in Winter would be quite a bit shorter than an hour in 
Summer. Also, shadow clocks and sundials were obviously useless at night and 
in cloudy weather. The Egyptians therefore developed a number of alternative 
timekeeping instruments, including water clocks, and a system for tracking star 
movements.

However, before we go on to look at water clocks and other more “mechanical” 
ways of measuring time, let’s just pause for a moment to ask: why were days 
divided into 24 hours? And why were these hours divided into 60 minutes and 
these minutes into 60 seconds? What is the reasoning behind these particular 
numbers? This little video might help explain... (here I played a video 
explaining these number systems).
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We’ll learn more about these irregularities in Earth’s rotation, and examine these
definitions of days, minutes and seconds a little later in my talk, but for now 
let’s return to ancient Egypt and their use of water clocks.

The oldest description of a water clock is from the tomb inscription of a 16th-
century BC Egyptian court official, identifying him as its inventor. The oldest-
known actual water clock, shown here, was found in the tomb of Pharaoh 
Amenhotep I, placing it in the 16th Century BC. These simple water clocks were 
of the outflow type, which measured time by the slow loss of water from a 
container. They were stone vessels with sloping sides that allowed water to drip 
at a nearly constant rate from a small hole near the bottom. These clocks were 
used by priests to mainly determine the time at night so that the temple rites and 
sacrifices could be performed at the correct hour.

The Egyptians used several different types of water clock, some more elaborate 
than others. One version, the inflow type, consisted of a bowl with small holes 
in its bottom, which was floated on water and allowed to fill at a near-constant 
rate. Markings on the side of the bowl indicated elapsed time, as the surface of 
the water reached them. 
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Another Egyptian method of determining the time during the night was using 
plumb-lines called merkhets. First used around 600BC, the merkhet consists of a
horizontal bar, usually carved from wood or bone, with a plumb line hanging 
from a transverse hole at one raised end of the bar, attached to a controlling 
wooden handle.
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The merkhet was typically used in conjunction with a corresponding sighting 
tool, which the Egyptians called a bay, itself made from a specially cut palm-rib 
with a sliced "V" shape at one end.

For the operation to work, two merkhets were required, one aligned with Polaris,
the North Pole star. If erected properly, and if a bay was on hand, one could 
estimate the time quite accurately by observing the transits of certain stars as 
they crossed the north-south meridian and came into alignment with the two 
merkhets. This arrangement could also be used to determine the exact direction 
of North.

Let’s now move on to see how time was measured in Ancient Greece and Rome.
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It is said that it was the philosopher Plato that introduced the water clock into 
Greece. He is also credited with inventing a water-based alarm clock, most 
likely used to summon his pupils to their lessons. One account of Plato's alarm 
clock describes it as an empty columnar vessel inside which was placed a 
wooden cradle containing lead balls. Before they went to sleep the students 
turned on a tap that let water flow into the vessel at a constant rate. As the hours 
passed the balls were lifted by the steadily rising water until after a given period 
of time they reached the top of the column where they spilled over the edge of 
the vessel and fell on to a copper platter with an enormous clang.
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Another version of Plato’s alarm clocks looked like this. The topmost vessel 
dripped water into the vessel below it. When this vessel became full, after, say, 
seven hours or so, it emptied rapidly via the internally located axial pipette. As 
the third vessel filled with water it forced air through the carefully shaped tube 
at its top, creating a whistling noise. This vessel then emptied slowly through a 
small hole into the bottom-most vessel, ready to be reused.
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The Greeks called their water clocks clepsydrae, a word which translates as 
“water thief”. They were often used in Greek and Roman law courts to limit the 
duration of speeches. Many of these were of simple design, similar to the 
Egyptian bowls where water either dripped out or flowed in at a controlled rate, 
and time was measured by the level of the water in the containment vessel.

But many designs were quite elaborate, such as this clepsydra from the 3rd 
century BC...
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...or this design, sporting a 24 hour clock face with an hour hand, making the 
reading of the clock more precise and convenient. Note how in this design there 
is a manual mechanism used to adjust the water flow. Getting this flow to be 
consistent was a major issue with all clepsydrae, and automating this adjustment
was to become a major pre-occupation of water clock designers. 
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Another issue with most types of clepsydrae, however, was that caused by 
variations in water pressure.

When the container holding the water was full, the increased pressure caused the
water to flow more rapidly. This problem was addressed by Greek and Roman 
horologists beginning in 100BC, and improvements continued to be made in the 
following centuries.
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One way to counteract the increased water flow was to give the clock's water 
containers a conical shape. With this shape, when the container was full, a 
greater amount of water had to flow out in order to drop a given distance 
compared to the smaller amount required when the container was near empty. 
Along with this improvement, clocks were constructed more elegantly in this 
period, with hours marked by gongs, doors opening to miniature figurines, bells,
or moving mechanisms. Some even displayed astrological models of the 
universe.

But even with all these advances in water clock technology they still remained 
less accurate than sundials. For example, no-one was ever able to overcome the 
effect of temperature on water, where water flows more slowly when cold, or it 
may even freeze. 
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Although the Greeks and Romans did much to advance water clock technology, 
they still continued to use shadow clocks and sundials. The mathematician and 
astronomer Theodosius, for example, is said to have invented a universal sundial
that was accurate anywhere on Earth, though, unfortunately, little is known 
about it. Others wrote of the sundial in the literature of the period. Marcus 
Vitruvius Pollio, a Roman author, wrote, for example, on the mathematics of 
gnomons and the effects of latitude.
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During the reign of Emperor Augustus, the Romans constructed the largest 
sundial ever built, the Solarium Augusti, seen here in this reconstruction. Its 
gnomon was a huge obelisk from Heliopolis. Pliny the Elder records that the 
first sundial in Rome arrived in 264BC, looted from Sicily. According to him, it 
gave the incorrect time until the markings and angle appropriate for Rome's 
latitude were used – over a century later.
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Perhaps the epitome of timekeeping structures in ancient Greece was this 
clocktower constructed in Athens around the first century BC. It was called the 
Tower of the Winds and is considered to be the world’s first meteorological 
station. It featured a different sundial under each of the eight wind deities 
depicted around its outside walls. Inside was a large, elaborate, mechanised, 24-
hour water clock and on its roof was a wind vane. The whole structure loomed 
over Athens’s marketplace, allowing even the public to check the time.

Let’s now move on to have a look at the state of timekeeping in ancient Persia.
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The use of water clocks in ancient Persia dates back to around 500BC. They 
were called fenjaans, and were originally used to measure the length of time a 
farmer could divert water from an irrigation ditch or well to water his crops. 
Similar to the early Egyptian water clocks, they worked by floating a bowl with 
a small hole in its bottom on water contained in a large urn. A unit of time was 
determined by the time it took the bowl to fill with water and sink.
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This process was watched over by a trusted “water clock manager” who 
recorded each time the bowl sank and was refloated, by placing a stone in a jar 
and loudly announcing the time. This whole apparatus was usually placed in the 
top floor of some public house with east-west facing windows so the exact times
of sunrise and sunset could be used to “calibrate” their water clocks.

So, how did they keep time in ancient China?
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It is thought that water clocks were introduced into China from Mesopotamia in 
the first or second centuries BC. The original clocks were of the outflow type, 
with the water level determined by drips from small holes in the bottom of 
various containers. These were gradually replaced by water clocks using the 
inflow method where water dripped into a container and a float with some sort 
of indicator rod attached moved with the rising level of water. You can see an 
outflow water clock in this image where different vessels filled and emptied at 
different rates.
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In this image you can see just how complex some of these water clocks became. 
The Chinese had added an extra tank between the reservoir and the inflow 
vessel, to compensate for the changes in water pressure as the reservoir drained. 
Later, even more sophistication was added to allow calibration of the rods 
attached to the float for the changing lengths of day and night, which, of course, 
vary with the seasons. By the time this particular 10 metre tall water clock was 
built, they had incorporated cogs, gears and an effective water-driven feedback 
mechanism that automatically controlled water flow, thus greatly improving 
accuracy.

You can also see near the top of this tower an astronomical device called an 
armillary sphere which was also driven by the same water-powered mechanism. 
It was used to show – and predict – the movements of the sun, moon and 
planets. In typical Chinese fashion, this clock also featured front panels with 
doors that permitted the viewing of numerous little manikins which rang bells or
gongs, and held tablets indicating the hour or other special times of the day. 

Regardless of the increasing sophistication of water clocks, the rate of water 
flow always proved difficult to control accurately so water clocks were never 
going to be very accurate. And, as we have already seen, shadow clocks and 
sundials had their obvious limitations.
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So, in the Middle Ages, people were naturally led to seek other approaches to 
marking the passing of time...

One such approach was to measure the decrease in the height of a candle as it 
burned. Here are three slightly different ways in which candles were used. This 
one has its units of time inscribed on the metal background.

 This one has the time units written on the candle itself.
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And this one has metal pegs inserted at different heights. As the candle burned 
past each location, the peg would clang into the pan below, signalling that a 
particular duration had passed.

It is unknown where and when candle clocks were first used. The earliest 
reference to their use occurs in a Chinese poem written in 520AD where the 
graduated candle appears to be used to determine the time during the night. 
Similar candles were used in Japan until the early 10th century.

The Chinese device consisted of six candles made from a fixed amount of wax, 
each being 12 inches high, of uniform thickness, and divided into 12 sections. 
Each candle burned away completely in four hours, making each marking 20 
minutes. The candles were placed for protection inside cases made of a wooden 
frame with transparent horn panels in the sides.
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Similar methods of measuring time were frequently used in European churches. 
This image depicts King Alfred the Great of England with a graduated candle 
clock that he is reputed to have designed himself.
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However, the most sophisticated candle clocks of their time were those of the 
Islamic inventor, Al-Jazari, in 1206. A slightly later version of his clock is 
shown here. It consisted of a candle of fixed size and consistency enclosed in a 
tube with only its wick protruding. It was secured in the tube by a spring or by 
counterweights which pushed the candle’s base upwards as it burnt. Attached to 
this moving base was a chain, connected to an armature that moved 
progressively around a dial as the candle decreased in size.
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A variation on the candle-clock theme were oil-lamp clocks, one of which can 
be seen here. These early timekeeping devices consisted of a graduated glass 
reservoir to hold oil supplying the fuel for a built-in lamp. The preferred oil was 
whale oil which burned cleanly and evenly. As the level in the reservoir 
dropped, it provided a rough measure of the passage of time. 
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Another type of Medieval timepiece was the incense clock. These were mainly 
used in the Far East, first appearing in China around the 6th Century AD. 
Although similar to the candle clock, incense clocks burned more evenly and 
without a flame; therefore, they were more accurate and safer for indoor use. 
They appear to have been very popular in homes and temples for keeping track 
of time.

They basically came in two forms... sticks or powdered. This image shows a 
typical Chinese stick incense clock. The incense sticks used in such clocks were 
carefully calibrated to known burning rates. One such stick would be laid 
horizontally in an elegant receptacle such as this and set alight. As it burned, it 
progressively cut through the silk strings holding the weights, which would drop
noisily one by one into the pan below. Sticks of incense with different scents 
were also used, so that the hours could be marked by a change in fragrance.
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These time-keeping incense sticks could be straight or spiralled. The spiralled 
ones were longer, and were therefore intended for long periods of use, and often 
hung from the roofs of homes and temples. Chinese doctors would mark such 
incense sticks at relevant intervals to denote when medication should be taken. 
In Japan, a geisha would be paid depending on the number of incense clocks that
had been consumed while she was present, a practice which apparently 
continued right up until 1924.
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Another version of the incense clock used powdered incense which was often 
placed in long, spiralled grooves and compressed. These were popular in China 
where small scraps of fragrant wood or drops of resin would be placed at 
intervals along the powder trails, allowing you to tell the time by smell. Some of
these spirals could be quite long, allowing the powdered incense to burn for up 
to a month. Although they are no longer used formally for time keeping, such 
incense clocks are still used by scholars and monks in the East for evoking 
moods or even just for the aesthetics. 
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Although, as we have already seen, sundials had been around since Ancient 
Egypt, they continued to be used in medieval times but with a few adjustments 
made to the basic design. These adjustments were made as our understanding of 
the Earth’s shape, it’s rotation, it’s orbit and the tilt of its axis became better 
understood... and as mathematics and science became more sophisticated and 
the need for greater accuracy grew.

For example, you will remember that early sundials divided the length of 
daylight into 12 equal “hours”, regardless of the season, leading to an hour being
shorter in Winter and longer in Summer. Obviously this is not a recipe for 
accurate timekeeping!
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However, in the fourteenth century, at the height of Islamic science, Muslim 
astronomers saw the advantages of defining all hours to be of equal length, and 
they were able to design a sundial that allowed for the seasonal changes in 
daylight length. This was achieved by aligning the sundial’s gnomon with the 
polar axis and casting its shadow on a complex grid of lines. Thus they were 
able to divide a day into 24 hours, with each hour being of equal duration, and 
use a relatively complex sundial design to measure those equal hours – at least 
during those times when the sun was shining!
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Many of these ideas took nearly a century to filter from the Islamic world to the 
West but with the acceptance of the Heliocentric model of the universe and with 
advances in mathematics, and most especially in trigonometry, sundials of all 
sorts, like this one, were soon being built in Europe in large numbers, especially 
during the Renaissance.
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Of course, no list of medieval timepieces would be complete without referring to
the humble hourglass. Since the hourglass at that time was one of the few 
reliable methods of measuring time at sea, it is speculated that it may have been 
used on board ships as far back as the 11th century, when it would have 
complemented the magnetic compass as an aid to navigation.

However, the earliest unambiguous evidence of their use appears to be in this 
painting called “The Allegory of Good and Bad Government”, painted in 1338. 

Page 42 of 92



From the 15th century onwards, hourglasses were used in a wide range of 
applications at sea, in churches, in industry, and in cooking. They could be 

considered as the first dependable, reusable, reasonably accurate, and easily 
constructed time-measurement devices. They were not so good at giving the 
actual time of day, but were useful at measuring time’s duration.
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The hourglass also took on symbolic meanings, such as that of death, 
temperance, opportunity or, as seen here, as Father Time, usually represented as 
a bearded, old man holding an hourglass whose time had expired.
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Marine hourglasses were very popular on board ships, as they were the most 
dependable measurement of time while at sea. Unlike water clocks, the motion 
of the ship while sailing did not affect the hourglass. The fact that the hourglass 
also used granular materials instead of liquids gave it more accurate 
measurements, as water clocks were prone to get condensation inside them 
during temperature changes. Because of the relative accuracy of the hourglass, 
and the fact they could be easily gimballed, they could be used in determining a 
ship’s longitude. Magellan, whose ship “Victoria” is depicted here, apparently 
used 18 hourglasses on each of his ships when they circumnavigated the world 
in 1522.
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The hourglass also found popularity on land. As the use of mechanical clocks to 
indicate the times of events like church services became more common, creating
a "need to keep track of time", the demand for time-measuring devices in the 
home increased. Hourglasses were essentially inexpensive, as they required no 
rare technology to make, and their contents were not hard to come by. And as 
the manufacturing of these instruments became more common, their uses 
became more practical.

Hourglasses were commonly seen in use in churches, homes, and work places to
measure sermons, cooking time, and time spent on breaks from labour. Because 
they were being used for more everyday tasks, the hourglass began to shrink in 
size. The smaller models were more practical and very popular as they made 
time keeping more discreet.
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After the year1500, the hourglass was no longer as widespread as it had been. 
This was mainly due to the development of the mechanical clock, which became
progressively more accurate, smaller and cheaper, and made keeping time easier.
Hourglasses, however, did not disappear entirely. Although they became 
relatively less useful as clock technology advanced, hourglasses have survived 
to this day mainly because of their aesthetic appeal... and as an iconic 
representation of the passage of time... as in the very recognisable graphic seen 
above.
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So far we have seen how various ancient civilisations moved on from measuring
time by tracking the shadow of the sun to using devices that used other regular 
phenomena, like dripping water or burning candles.

We then traced the increase in sophistication and accuracy of timekeeping 
devices in medieval times, mainly as a result of the increased understanding of 
trigonometry and science.

We will now plunge into the era of increasingly complex mechanical timepieces,
especially those developed in Europe that employed gears and escapements,

And, lastly, we’ll explore the era of precision timekeeping, describing the 
evolution of today’s unbelievably precise modern clock. So let’s continue... by 
looking at the development of clocks that employed gears and escapement 
mechanisms to more evenly control the measurement of time.
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But first, what exactly is an “escapement” mechanism? This image shows a 
typical escapement from a pendulum clock, but the principle behind the 
mechanism has been consistent for centuries. Here the yellow escape-wheel gear
is driven, usually by a spring or a falling weight, transmitted through a series of 
gears. Its speed of rotation is controlled by, in this case, a pendulum. Each swing
of the pendulum releases a single tooth of the escape-wheel gear, allowing the 
clock's gear train to advance, or "escape", by a small fixed amount. This regular,
periodic advancement moves the clock's hands forward at a steady rate, 
determined in this case by the regular swinging of the pendulum. At the same 
time the gear tooth gives the pendulum a tiny push, before another tooth catches 
on the escapement's pallet, returning the escapement to its "locked" state. The 
sudden stopping of the escapement's tooth is what generates the characteristic 
"ticking" sound we associate with mechanical clocks and watches.
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As we have already seen, some of the earliest mechanical clocks were dependent
on the movement of water into or out of various vessels. People quickly realised 
the need to regulate this flow of water if the water clock was to be accurate and 
reliable. As we saw earlier, this was originally done manually, but for greater 
accuracy it needed to be done automatically via some form of feedback 
mechanism.

Several devices were developed, especially in China and the Islamic world, that 
served the function of an automatic escapement mechanism for a water clock. 
This image shows the original diagram of an eleventh century Chinese clock 
tower which employed an intricate water-driven escapement mechanism. Later 
Chinese clock designers would even attempt to overcome the temperature-
dependence of water by replacing it with mercury.
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Another early clock made outside of China was this one from twelfth century 
Syria. It also featured a water-driven escapement where the flow of water 
automatically determined the size of the valve through which it flowed, making 
the flow more consistent and the timekeeping more accurate. It also featured a 
series of pulleys to ring bells that signalled prayer times.
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The first geared clock was also invented by an Islamic engineer called al-Muradi
in the eleventh century. It was able to use a complex series of gears, including 
both segmental and epicyclic gears, and was able to deliver enough torque to 
drive arrays of automata including models of the heavens and various gongs and
bells. It also used mercury instead of water, and employed a sophisticated 
escapement mechanism to automatically regulate the speed of gear rotation. 
Many European inventors, like Leonardo da Vinci, are known to have studied 
al-Muradi’s work and it is no surprise that many of his ideas made their way into
the next generations of mechanised European clocks.
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The earliest European clockmakers were Catholic monks. Medieval religious 
institutions were motivated by the need to strictly regulate their daily prayer and 
work schedules. They frequently used combinations of water clocks, sundials 
and candle-clocks but when mechanical clocks first came into use the monks 
became timekeepers, tasked with winding the clocks or lifting the weights, 
usually twice daily. Monasteries would broadcast important times by ringing 
bells, thus giving the whole town access to the time - which may not have been 
all that precise but at least it was consistent as everyone heard the bells at the 
same time!
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The Salisbury Cathedral clock, pictured here, was built in 1386 and is 
considered to be the oldest working clock in the world.
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It originally featured a “verge and foliot” escapement to regulate the speed of the
gears. Note how in this early type of escapement the rotating gear provides the 
motive force to the oscillating arms and how the speed of oscillation could be 
altered by repositioning the weights on the ends of each arm. This particular 
clock actually had no face or hands... its function was to chime a bell at 
particular times. The wheels and gears are mounted in an open, box-like iron 
frame, measuring about 1.2 metres square. The framework is held together with 
metal dowels and pegs. Two large stones, hanging from pulleys, supply the 
power. As the weights fall, ropes unwind from the wooden barrels. One barrel 
drives the main wheel, which is regulated by the escapement, and the other 
drives the striking mechanism and the air brake.

Page 55 of 92



Many other early mechanical clocks, however, served to present much more 
information than just the time. One such clock is pictured here. This is the 
famous Prague Astronomical Clock, built in 1410. The clock mechanism itself 
has four main components, the most notable being the astronomical dial which 
indicates the position of the Sun and Moon in the sky, along with displaying 
various other astronomical details. The second component consists of various 
statues of Catholic saints standing on either side of the clock. Then there’s "The 
Walk of the Apostles", a clockwork hourly show of figures of the Apostles and 
other moving sculptures, including a skeleton representing Death, striking the 
time. And, lastly, there’s a calendar dial with medallions representing the 
months.
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During the Middle Ages, clocks primarily served religious purposes. The first 
clock employed for secular timekeeping emerged around the 15th century and 
looked pretty much like this one. In Dublin, the official measurement of time 
became a local custom, and by 1466 a public clock stood on top of the council 
chamber. It was the first of its kind to be clearly recorded in Ireland, and, like 
most other clocks of the time, would only have had an hour hand, like the clock 
face in this image. 
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Early clock dials showed only hours. The display of minutes and seconds only 
evolved later. A clock with a minutes dial is mentioned in a 1475 manuscript, 
and we know that clocks indicating minutes and seconds existed in Germany in 
the late 15th century. Timepieces which indicated minutes and seconds were 
occasionally made from this time on, but this was not common until the increase
in accuracy made possible by the pendulum clock and, in watches, by the spiral 
balance spring. The 16th-century astronomer Tycho Brahe used very expensive 
clocks displaying minutes and even seconds to observe stellar positions.
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Mechanical clocks can be quite complicated, but essentially they consist of two 
main components... a way to keep the mechanism going and an escapement 
which actually counts the seconds in a consistent and regular way. As we have 
seen, for hundreds of years the first of these functions was fulfilled by flowing 
water. In the Middle Ages this flow of water was replaced by weights hanging 
on ropes wound around a pulley, as is the case in this clock. These weights, of 
course, had to be reset whenever they reached the bottom of their fall.
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Later the motive power for clocks came from springs. This made clocks much 
more portable but they still required daily winding.

All of these early mechanical clocks were very inaccurate, often varying by up 
to 30 minutes in a day. What they needed was an escapement that could 
accurately determine a consistent speed of the escape-wheel gear. This required 
some sort of regular and consistent back and forth motion, or oscillation. And 
this is where...
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...the Dutch physicist Christiaan Huygens and the Italian genius Galileo Galilei 
enter our story. Around 1600 Galileo was studying the nature of pendulums. He 
noticed that pendulums always oscillated at the same rate regardless of how 
heavy they were. 
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Galileo concluded that the rate of oscillation mostly just depended on the 
pendulum’s length. About 50 years later, Huygens applied this logic to a new 
clock mechanism...
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He used this consistency of a pendulum’s oscillation to drive an escapement and
very quickly pendulum clocks with their increasingly complex gear trains driven
by either hanging weights or springs became immensely popular, especially in 
Europe. Note how this escapement mechanism differs from the “verge and 
foliot” escapement we saw earlier. Here it is the regular oscillation of the 
pendulum that determines the speed of rotation of the gear. Also note that with 
each complete oscillation the pendulum gets a little nudge from the gear to keep 
it swinging, otherwise friction would soon stop it.
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Huygens patented his pendulum clock mechanism in 1657. This image shows 
what his actual clock looked like. Early versions proved to be accurate to less 
than one minute per day. Later versions erred by less than 10 seconds a day... 
which was astoundingly accurate for their time. Suddenly reliable, accurate 
timepieces became a reality, and not just for the elites or the rich.

Page 64 of 92



However, while pendulums dramatically boosted the accuracy of clocks, they 
could only work when the clocks were upright and on solid ground. This meant 
that they were useless at sea and were not able to be carried around for fear of 
jolting the pendulum. It was also difficult to miniaturise a pendulum clock. 

These problems were partially solved firstly by the invention of the mainspring, 
then by the balance wheel and later by the addition of a balance spring.
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Mainsprings first appeared in European clocks in the 15th century. They 
progressively replaced the hanging weights that powered earlier mechanical 
clocks. They enabled clocks to be made smaller and more portable, resulting in 
the very first pocket watches appearing around 1600. The first mainsprings were
made of untempered steel and didn’t run for very long, needing frequent 
rewinding. Also, the force provided by a wound spring is not constant, but 
diminishes as it unwinds, causing early spring-driven clocks to progressively run
slower between windings. Later inventions tried correcting this inconsistent 
force from the mainspring...
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One of the longest lasting of these inventions was the “fusee”... a conical drum 
that evened out the decreasing force from the mainspring as it unwound, thus 
making the force driving the clock’s gear train much more consistent between 
windings.
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As we have seen, early mechanical clocks used a “verge and foliot” escapement 
but as clocks became smaller this somewhat inefficient inertial mechanism was 
progressively replaced with the balance wheel. This image shows a 14th century 
Italian clock and is the earliest existing drawing of a balance wheel. It can be 
seen as the crown-shaped apparatus at the top. It oscillated back and forth every 
two seconds.

Balance wheels functioned in much the same way as their “verge and foliot” 
ancestors... with their back and forth motion triggered by the push of the gear 
teeth and their speed of oscillation determined by their rotational inertia. But 
instead of having just two weights on two arms, a balance wheel had its weight 
distributed around its rim, away from the axis, thus giving it a greater moment of
inertia and allowing it to respond more consistently to the impulses from the 
gear wheel. It was therefore able to keep better time.

However, the advent of the mainspring and the balance wheel was still not 
enough to dramatically improve accuracy or to enable clocks to be made much 
smaller. 
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This had to wait for the next significant invention... the addition of a balance 
spring to the balance wheel. Early clocks containing an unsprung balance wheel 
relied on the force of the gear wheel to move the escapement back and forth. 
Thus the speed of oscillation of the escapement was dependent on the force 
applied from the mainspring. Even with the addition of devices such as the 
fusees that we saw earlier, this force remained inconsistent and the clock’s 
accuracy suffered.

The idea of the balance spring was inspired by observations that springy hog 
bristles, originally added to limit the rotation of the balance wheel, happened to 
increase its accuracy. Robert Hooke first applied a metal spring to the balance 
wheel in 1658 and...
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Christiaan Huygens improved it to its present spiral form in 1674. This is one of 
his actual drawings, first published in 1675. The addition of the spring turned 
the balance wheel into a harmonic oscillator, the basis of every modern clock. 
This means that the wheel vibrated at a natural   resonant frequency   or ‘beat’ and 
resisted changes in its vibration rate caused by friction or a changing drive force.
In this way it acted very much like that other harmonic oscillator, the pendulum. 
This crucial innovation greatly increased the accuracy of pocket watches and 
small clocks, changing them from expensive novelties into useful timekeepers.
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The great English clockmaker, Thomas Tompion, was one of the first to use this 
balance spring mechanism successfully in his pocket watches, and in 1680 the 
resultant improvement in timekeeping accuracy enabled him to adopt the minute
hand which, after a variety of designs were trialled, eventually stabilised into the
modern-day configuration with which we are all so familiar.
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However, timekeeping continued to be a problem for seafarers. Sailors really 
needed accurate timekeeping to help with navigation. For centuries sailors had 
little difficulty in figuring out their latitude, simply by measuring the angle from 
the horizon to the North Star or to the sun at noon, when it was at its highest 
point in the sky. But longitude was much harder to calculate.

They mostly did this by a process of dead-reckoning... factoring in their speed, 
their direction and the length of time they had been travelling. This, however, 
was not the greatest system, especially because it’s hard to tell how long you’ve 
been travelling if you don’t have a reliable way to tell time. Ideally they would 
set a clock when they were docked and just carry that clock with them to use as 
a reference. But for that they would need a clock that would work on a boat, able
to cope not only with the boat’s motion, but also with changes in temperature, 
pressure, humidity and the occasional dunking with sea water. It obviously had 
to be as accurate as possible, and clearly couldn’t operate by using a pendulum.
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This inability to accurately determine your position at sea led to many 
shipwrecks, but the last straw, so to speak, was the one known as the Scilly Isles
Naval Disaster of 1707 when four Royal Navy warships ran aground in severe 
weather with the loss of 1,550 lives, making this the worst maritime disaster in 
British naval history.

Following this disaster, in 1714, the British Crown established the “Longitude 
Prize”. This was a series of rewards totalling 20,000 pounds for solving the 
problem of accurately telling time while at sea. This was the equivalent of many 
millions of pounds in today’s money.
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Plenty of people came up with ideas, but the one that ultimately won the most 
money was invented by a British clockmaker called John Harrison.

Harrison built his first chronometer in 1735, which he steadily improved on over
the next thirty years before finally submitting it for examination by the 
committee.

The chronometer was eventually successfully trialled in 1761 by Harrison's 
son... and Harrison finally won the prize.
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Harrison’s device, called H4, was only about 12 centimetres wide and was 
actually based on a pocket watch design. It used a spring-driven mechanism and 
a revolutionary escapement. It also featured many other innovations, including 
the use of bearings to reduce friction, weighted balances to compensate for the 
ship's pitch and roll in the sea and the use of two different metals formed into a 
spring which compensated for varying temperatures.
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The ability to accurately determine your position at sea was a major contributor 
to the success of Britain as a maritime power, and no doubt contributed to James
Cook’s exploration of so much of the world’s oceans, as shown in this map of 
his many voyages.
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Now, in order to accurately set the time at a port with a known longitude, sailors
would calibrate their chronometers with the fall of a “time ball” such as this one 
atop Sydney Observatory, which fell at precisely 1pm every day. But perhaps 
the most famous of these time balls was the one constructed at Greenwich in 
1833. Eventually the precise time at Greenwich was adopted as the “universal 
time” from which all other times and time zones are set, even today.

For a while, the cutting edge in timekeeping tech concentrated on improvements
in driving systems and escapements. Many innovations led to smaller and 
smaller timepieces culminating in devices that could be kept in one’s pocket or 
even worn on one’s wrist.
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The concept of the wristwatch goes way back to the sixteenth century. It is 
known that Elizabeth I actually owned a wristwatch in 1571, when it was called 
an “arm watch”. From the beginning, wristwatches were almost exclusively 
worn by women, while men used pocket-watches right up until the early 20th 
century. This was not just a matter of fashion, though. Watches of the time were 
notoriously prone to suffer from exposure to the elements, and could only 
reliably be kept safe from harm if carried securely in a pocket or worn indoors.

When the waistcoat was introduced as a “manly” fashion at the court of Charles 
II in the 17th century, the pocket watch was tucked into its pocket.
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Prince Albert introduced the 'Albert chain' accessory, designed to secure the 
pocket watch to the man's outer garment by way of a clip. By the mid nineteenth
century, most watchmakers produced a range of wristwatches, often marketed as
bracelets, mainly for women.

Wristwatches were first worn by military men towards the end of the nineteenth 
century, when the importance of synchronising manoeuvres during war, without 
potentially revealing the plan to the enemy through signalling, was increasingly 
recognised. It was clear that using pocket-watches while in the heat of battle or 
while mounted on a horse was impractical, so officers began to strap the watches
to their wrist. These early models were essentially standard pocket-watches 
fitted to a leather strap, but by the early 20th century, manufacturers began 
producing purpose-built wristwatches.

Page 79 of 92



The impact of the First World War dramatically shifted public perceptions on 
the usefulness of the man's wristwatch, and opened up a mass market in the 
post-war era. The “creeping barrage” artillery tactic, developed during the War, 
required precise synchronisation between the artillery gunners and the infantry 
advancing behind the barrage. Service watches produced during the War were 
specially designed for the rigours of trench warfare, with weatherproof seals, 
luminous dials and even unbreakable glass.
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Within a decade of the First World War, the sales of wristwatches had 
outstripped the sales of pocket-watches and were increasingly being seen on the 
wrists of men as well as women. This is an image of a wristwatch from the 
1920’s. But mechanical wristwatch technology probably reached its ultimate in 
the late 20th century, as can be seen in the Seiko spring-driven wristwatch...

Page 81 of 92



By the end of the 18th century, mechanical timekeeping devices, whether driven 
by springs or pendulums, were pretty much approaching the limits of their 
accuracy. Most subsequent innovations were more concerned with either 
improving their portability, decreasing their size, tweaking their mechanisms to 
improve reliability, or modifying their design to make them more aesthetically 
appealing. One such elegant design can be seen in this image of an 18th century 
house clock.
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Of course, in England during the Industrial Revolution, very few people could 
afford even the most basic of watches or even clocks. But the burgeoning 
factories needed their workers to be able to start their shifts on time, often early 
in the morning. So how was a lowly paid worker to know when to get out of bed
when they didn’t have any clocks to tell them what time it was? One solution, 
that you can see in this image, was the “Knocker-Upper”.

These were people who were paid to go around the streets in the early hours of 
the morning, knocking on windows, usually with long poles or even by skilfully 
firing peas from pea-shooters. Surprisingly, these “Knocker-Uppers” were still 
employed in parts of England right up until the 1960’s.
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Ironically, it was also in the 1960’s that the next major game changer in 
timekeeping accuracy happened, with the invention of quartz clocks and 
watches. Instead of using a pendulum or a balance spring to maintain a 
consistent frequency of oscillation, quartz clocks used the much faster harmonic 
vibrations of a very small quartz crystal, stimulated into vibrating by a tiny 
electric current. This quartz “tuning fork” oscillates at 32,768 times per second. 
Why this precise number? 

Well, you might notice that if you halve that number 15 times in succession you 
will arrive at the number one. This is exactly what the electronics in a quartz 
watch does... it progressively halves the 32,768 vibrations a second to arrive at a
convenient one vibration per second – or, one hertz. These regular pulses, 
separated by exactly one second, drive the watch’s second hand.

This is why the second hand on a quartz watch jerks around the dial one second 
at a time, whereas the second hand on a mechanical watch moves more 
smoothly. Of course, it is then a relatively simple matter to gear the movement 
of the second hand to drive the minute and hour hands.
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Those piezoelectric properties of crystalline quartz were actually discovered by 
Jacques and Pierre Curie way back in 1880, and the first quartz clock was built 
by the Bell Telephone Laboratories in Canada in 1927. It was big, bulky and 
very expensive. It could only be used for specialised science experiments, such 
as measuring small variations in the rotation of the Earth.

The quartz clock proved to be so accurate that between 1929 and the 1960’s it 
was used to determine the time standard for the United States. The actual four 
quartz clocks used for this very purpose can be seen here in this image.

In 1969, Seiko produced the world’s first commercial quartz wristwatch, the 
Astron. It cost the equivalent of $8,000. Today you can buy an equally accurate 
quartz watch for under $10... and even the cheapest quartz watch is hundreds of 
times more accurate than the most expensive Swiss mechanical watch.
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But the most accurate clock ever invented has to be the Atomic Clock. This 
image shows the very first atomic clock built back in 1955. Atomic clocks are so
accurate that they actually changed the way we define the second. In the early 
1960’s Scientists based the length of a second on the Earth’s orbit around the 
sun. Officially, a second was around one thirty two millionths of a year.

But atomic clocks measured time so accurately that scientists realised that even 
the period of the Earth’s orbit varies a little every year – because of factors such 
as the Moon’s influence and the shifting of continents on the Earth’s crust. They
needed a new definition of a second, so they based it on an intrinsic property of 
the atoms of the element, Caesium. And this was a property so connected to the 
very nature of the Caesium atom itself that it would never vary.

Atomic clocks are based on the idea that electromagnetic waves oscillate at a 
very consistent frequency, as long as you’re careful to keep those waves at the 
same energy level. They also take advantage of the fact that atoms of certain 
elements resonate at a peak energy level when they are bombarded with 
electromagnetic waves of a particular, precise frequency. 
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So, an atomic clock basically works by irradiating a tiny stream of Caesium 
atoms with electromagnetic waves that are precisely tuned to the exact 
frequency that causes those Caesium atoms to resonate at their peak energy 
level. A detector constantly measures the number of high energy Caesium atoms
striking it and if that number varies even by a tiny amount, it sends a message to 
an oscillating quartz crystal – just like the one in your quartz watch. This quartz 
crystal in turn adjusts the frequency of the electromagnetic radiation so it returns
to the exact frequency required to resonate the Caesium at its peak energy level.

So the atomic clock doesn’t actually tell time by measuring the Caesium... 
instead the Caesium is used to fine tune the electromagnetic waves to a very 
specific resonant frequency, via a feedback loop involving a detector and an 
oscillating quartz crystal. For Caesium, that specific resonant frequency turns 
out to be...

9,192,631,770 Hertz - which is pretty much the same as the frequency of the 
electromagnetic waves in your microwave oven. The circuitry in the clock then 
just has to count those electromagnetic oscillations and tick off a second every 
time it reaches that number.
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As with so many technologies, the atomic clock has undergone numerous 
refinements and even re-invention. This, for example, is the latest version of the 
atomic clock, hardly bigger than a matchbox... and yet it varies by less than 30 
billionths of a second per year. Can you just imagine what Christiaan Huygens 
or John Harrison would have made of an accuracy as staggering as that? It’s 
hard to imagine achieving even greater accuracy than that but, of course, 
scientists are working on doing just that as we speak, using different oscillating 
elements and even lasers!

You might like to ask just why do clocks need to be so mind-bogglingly 
accurate? Surely no-one needs to have a clock that will have lost less than a 
second even if it had been running since the Big Bang, 14 billion years ago? 
Well, yes, they do. In fact there are many technologies that are in everyday use 
today that actually rely on such precision...
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For example, the GPS navigation system in your car or on your mobile phone 
would not be able to function if it were not for the precision available in the 
atomic clock. Each of the 30 or so GPS satellites orbiting some 20,000 
kilometres above the Earth has an atomic clock on board. Each one transmits 
information about its position and the current time at regular intervals. These 
signals, travelling at the speed of light, are intercepted by your GPS receiver, 
which calculates how far away each satellite is, based on how long it took for 
the messages to arrive. Once it has information on how far away at least three 
satellites are, your GPS receiver can pinpoint your location using a process 
called trilateration. It would be impossible to compare the tiny time differences 
between these signals without the incredible accuracy of atomic clocks.
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Atomic clocks are also used to calibrate timepieces used throughout the world, 
and to synchronise time on the internet. Automated internet-based share-trading 
systems, for example, need to all be operating on the same exact time signals or 
there would be economic chaos. Also many scientific and astronomical 
processes rely on the precise timing only possible with atomic clocks...
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For example, now that the second is defined by the atomic clock there is a need 
to synchronise that time with the ever so slightly irregular time taken for the 
Earth to rotate and for it to orbit the sun. Both the duration of a day and of a year
actually fluctuate, usually within a few fractions of a second. That is why we 
occasionally add or subtract leap-seconds to the length of a solar year. This 
image shows the exact time that an extra second – a leap-second – was added to 
the year 2016 so the astronomical time and the atomic clock time could align. 
Since the Earth’s rotation and orbit are generally slowing down, most leap 
seconds will be added rather than subtracted.
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So there you have it... the history of timekeeping devices, from counting the 
rising and setting of the sun to counting the vibrations of an atom. I think you’ll 
agree that it has been quite a journey!
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