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Introduction


Simply look around you, wherever you happen to be sitting right now, and chances are that you’re surrounded by engineered objects. If you are sitting in a normal office chair, engineers played a big role in its creation. Engineers helped in the design and manufacture of the fabric on the chair, the foam underneath the fabric, the framework that holds the foam and fabric together, the pieces of plastic that make up the armrests, the mechanisms that allow the chair to go up and down and tilt forward and backward, the base of the chair, and the wheels that let it roll around.


You may be sitting in a room where the paint on the wall is engineered, as is the wallboard underneath the paint. The gypsum in the wallboard may come from a power plant, where one engineer designed a scrubber to extract sulfur from the smokestack by turning that sulfur into gypsum, and then another engineer designed the factory that took the gypsum and turned it into wallboard. In your room, chances are that the air you are breathing has been cleaned by an engineered filter attached to an engineered HVAC system, which is controlled by an engineered thermostat so that the temperature is always right. The engineered fan in the HVAC unit gets its power from the engineered power grid, which connects back to the engineered power plant that may have produced the gypsum.


Sitting nearby you may have a number of electronic devices, all created by a wide variety of engineers. For example, you may have a smart phone or tablet on the table, a nice HDTV on the wall, and a digital clock that sets itself using a radio station in Colorado. Electrical engineers, software engineers, industrial engineers, and mechanical engineers make those kinds of things possible.


Stepping outside, you see a road populated with dozens of complex automobiles, perhaps with a remarkably safe passenger jet flying overhead at 550 mph (885 kph). Under the road are sewer pipes, water mains, storm water drains, telephone and cable TV wires, and gas pipelines. All these are engineered, too.


And then there are the radio waves. Completely invisible to you, you are surrounded by thousands of different radio signals, all made possible by engineers. Every AM radio station, FM radio station, and television station in your area is flowing past you right now in the form of radio waves on different frequencies. Every cell phone in your area is in constant communication with its local tower. A smart phone typically has multiple radios for voice calls, along with a separate radio system for Wi-Fi and another for Bluetooth. Every other Wi-Fi hotspot and Bluetooth device in the nearby area is bathing you in radio waves, as is every tablet, laptop, and desktop computer using Wi-Fi. Then there are hundreds of satellites overhead transmitting GPS signals, satellite TV signals, Iridium phone signals, weather satellite signals, and so on. Plus there are many more radios out there: fire and police radios, water meter radios, temperature and rainwater sensor radios, remote controls for the garage door opener and the key fob that unlocks the car door. It just boggles the mind if you think about it. Not one bit of this would be possible without engineers who bring it all to life, along with a regulatory structure that keeps all of the radio signals from interfering with each other.


Engineers are an amazing group of people who make our modern world possible. In the United States there are about two million engineers practicing their craft, for the most part invisibly and without much fanfare. But if we didn’t have these engineers, we would be back in the Stone Age.


Here we are, about to embark on a fascinating journey together into the world of engineering. It might be helpful to answer the question: what, exactly, is engineering? A good starting point would be the Random House Webster’s Unabridged Dictionary, which defines engineering in this way: “the art or science of making practical application of the knowledge of pure sciences, as physics or chemistry, as in the construction of engines, bridges, buildings, mines, ships, and chemical plants.”


Here is another definition, from Merriam-Webster’s Collegiate Dictionary: “the application of science and mathematics by which the properties of matter and the sources of energy in nature are made useful to people.”


Another good way to understand engineering is to think about all the engineering disciplines that you find in industry, or that you find being taught at a large engineering university. For example, if we look at the College of Engineering at a big school like North Carolina State University, we find these departments:


Biological and Agricultural Engineering (BAE)


Biomedical Engineering (BME)


Chemical and Biomolecular Engineering (CBE)


Civil, Construction, and Environmental Engineering (CCEE)


Computer Science (CSC)


Electrical and Computer Engineering (ECE)


Industrial and Systems Engineering (ISE)


Forest Biomaterials (FB)


Integrated Manufacturing Systems Engineering Institute (IMSEI)


Materials Science and Engineering (MSE)


Mechanical and Aerospace Engineering (MAE)


Nuclear Engineering (NE)


Operations Research (OR)


Textile Engineering, Chemistry and Science (TECS)


There are also some specialized areas. For example, petroleum engineers deal with oil drilling and refining. Nanoengineers work in the emerging area of nanotechnology. And so on.


As you read these definitions and the list of disciplines, you start to form a mental image of what engineers do for society. Civil engineers who design bridges, for example, have been trained to understand the mathematics, software tools, best practices, and regulations having to do with the design and construction of safe, reliable, long-lasting bridges. We see their work all around us. The Golden Gate Bridge in San Francisco is considered to be an engineering masterpiece, as is the Millau Viaduct in France. Occasionally engineers get it completely wrong, however, as was the case with the Tacoma Narrows Bridge. From these mistakes, engineers learn valuable lessons that they codify and apply to all future bridge projects. Engineering is a profession where the members constantly communicate with and learn from each other so that technology advances.


Some engineered objects can be extremely simple. For example, the cast aluminum wheel of an automobile is a single piece that has been engineered to handle the load of a car along with all the forces from cornering, hard braking, and potholes. Others can be quite complex, like the car itself, or an airplane, made up of thousands of different parts that all work together reliably. There are also engineered systems, like the antilock braking system, or the airbag system, made up of different pieces that connect together to accomplish a task or solve a problem.


Then there are larger engineered systems that we refer to as architectures. Computer engineers frequently use the term “computer architecture” to denote the many parts and their relationships to each other. Or think about the Apollo moon missions. Millions of people and millions of components came together to create an architecture for the mission, with many related parts: the Saturn V rocket, the Command and Service Module, the Lunar Excursion Module, the space suits, the moon rover, and everything else. If any of those parts did not work properly, the whole mission could fail and the lives of the astronauts would hang in the balance, as was seen in Apollo 13. Similarly, the power grid has an architecture that includes power plants, transmission networks, and distribution networks. The cell phone system has its own architecture consisting of towers, handsets, and a complex signaling protocol that ties them together.


Another key role played by engineers is the reduction of costs through mass production, along with the act of engineering out unneeded materials, time, and processes. A great example of this is the clothing we wear. It used to be that people did every bit of the work to produce clothing. People planted cotton, hoed the plants, harvested the bolls, and then picked the seeds out of the fibers, all by hand. Then they cleaned the cotton, dyed it, carded it, spun it, wove it on a hand loom, and sewed the cloth together with a needle and thread. Clothing was expensive because each article represented hundreds of hours of manual labor. Today engineers have mechanized nearly every part of the process, along with making a wide variety of synthetic fibers available, to the point where clothing is very affordable. The same has happened with every type of product, so that we can now all afford to carry around small computers called smart phones, with high-definition (HD) screens and powerful cameras connected to a worldwide network filled with millions of servers that offer the answers to nearly any question a person might have. None of this would have ever happened without engineers.


What is the difference between a scientist and an engineer? Scientists are charged with understanding how the universe works. They do research and answer fundamental questions about nature. For example, a scientist may discover that curved glass bends light, and then come up with mathematical equations to characterize the bending. From that scientific discovery we get a lens. A scientist or inventor might then put lenses together to create an optical device like a microscope or telescope. But eventually it is time to take the next step. If you want to create a million telescopes at an affordable price, or you want to create a giant telescope weighing many tons and you need it to automatically rotate very smoothly to track a star as the earth rotates, this is when the engineers take over.


Scientists discovered that the right amount of carbon in iron creates steel. Engineers use the steel to build bridges, skyscrapers, cars, supertankers. When steel is too heavy or too weak, engineers have many other materials they can use: aluminum, titanium, carbon fiber, Kevlar, plastics, and so on.


You will often hear someone exclaim, “this is beautifully engineered” or “that’s a really well-engineered piece of equipment!” Examples are myriad, including the SR-71, the Ariel Atom, or the Parthenon. But it could be something far simpler, like the shifting mechanism in a car’s transmission or even a perfectly weighted and silky-smooth control knob. The exclamation happens when engineers achieve a high level of elegance in their designs, or an impressive level of reuse and parsimony, or a kind of refinement that takes the user’s breath away on first encounter, or a perfect match between form and function. We see beauty in engineering, just like we do in art and nature.


In all of these different ways, engineers move society forward. They create new technologies that make our lives better. They lower costs so more people can participate. They build things that amaze us, and make us proud to be human beings. They create things on which our modern lives depend.



















The Engineering Book


This is a book of engineering milestones—a celebration of engineering, really. We start at the very beginning, back with the first engineered objects that human beings created. And then we move forward through time, watching engineering advance with achievement after achievement (plus a few blunders along the way—even engineers make mistakes).


In each case, the milestone will have a date. There is a little leeway here: Should it be the date of conception? Of the first patent? Of “first flight”? Of the first widespread popularization? I have tried to pick a “best” date when fitting things into the timeline.


Should these engineering achievements be associated with a specific person? I tend to shy away from this idea in most cases, primarily because engineering is a team sport. Take the steam engine as an example. Is there any one person we can attribute the steam engine to? If so, is it the first Greek who made steam shoot out of a pot? Is it the first person to create any useful steam engine? Or the first person to harness high-pressure steam? What about the person who made the most powerful steam engine, or the most popular one? The fact is that the traditional steam engine played a huge role in the advancement of society for about a century, and thousands of engineers contributed to steam’s success. I don’t want to pick any single person out of that crowd. Most engineering achievements work that way—many people contribute to the project, so no single person deserves specific credit.


Finally, you may notice that this timeline is very heavy on the twentieth century. Why is that? It’s because the twentieth century was an amazing time in terms of engineering. Airplanes did not exist prior to the twentieth century. During those hundred years, they went from rickety wooden contraptions flying at walking speed to sleek aluminum jets flying thousands of miles at supersonic speed. And many other technologies followed the same course: cars, spacecraft, air conditioning, computers, networks, skyscrapers, television, nuclear materials, etc. These technologies all sprang into existence in the twentieth century and then advanced with incredible speed. It all leads to the skew; most of the engineering disciplines listed above did not exist until the twentieth century.


It is my hope that, in this book, you discover 250 examples of engineering that amaze you, and that help you see the full gamut of the art, so that you can appreciate everything that engineers do for us as we live our lives. Let’s step into the remarkable world of engineering.
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30,000 BCE


Bow and Arrow


If we were to go back in human history as far as we can, when would we find the first example of engineering? If someone makes a tool, is that engineering? Yes, but there has to be some kind of line. If a person picks up a rock to crack a nut, that is tool use but it is not really what we think of as engineering. When something is engineered, there is more to it. Therefore, the bow and arrow probably qualifies as the first engineered object. And its use is indeed ancient—starting 30,000 years ago or more.


The bow and arrow is a surprisingly clever piece of technology. It is the first device we know of that stores energy for later release. It is the first projectile weapon. And it can be fashioned from objects readily available in nature. A piece of wood combined with a string made of fibers, skin, or sinew handles the energy storage. A piece of wood tipped with bone or stone and stabilized with feathers acts as the projectile.


As humankind’s first projectile weapon, think of how useful the bow and arrow is. If a person is hunting a deer or rabbit, a bow and arrow gives the human a fighting chance. Compare the bow and arrow to throwing a rock or a spear. Rocks and spears work for only a short distance, are not particularly accurate, and telegraph the human’s position with the windup. With a bow and arrow, the human can fire silently from a hidden position without any windup, with accuracy, and at a decent range. A bow and arrow changes the game for a hunter.


By 1400 CE, the bow and arrow was highly refined. Archers in England were able to use longbows to fire ten arrows per minute. Arrows leave the bow at 100+ mph (160+ kph) and fly 1,000+ feet (300+ meters). At a range of 60 feet (18 meters), metal-tipped arrows can punch through armor.


Guns reconceptualized weaponry (and have since led to high-performance weapons like the AK-47), but there is no doubt that the 30,000-year run for the bow and arrow is a record for technological dominance.


SEE ALSO Catapult (1300), AK-47 (1947).
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In Egypt’s Old Kingdom period (third millennium BCE), the single arched bow was developed.



















3300 BCE


Hunter/Gatherer Tools


Otzi (c. 3300 BCE)


One thing that engineers and the engineering mindset create is new technology—useful objects that solve problems. Animals living in the wild do not create novel technology of any complexity—it is a distinctly human trait that comes from our ability to identify problems and then invent solutions for them.


The development of technology is something that happens early in many human cultures. We get a glimpse of the technology available about five thousand years ago because of a man today known as Otzi, who died in 3300 BCE but was preserved almost perfectly in mummy form in a glacier and discovered in 1991. On his person, Otzi was carrying many pieces of technology of his era. He wore, for example, grass-insulated shoes with bearskin soles and deerskin uppers. He also had clothing (hat, coat, pants, belt) made of animal skins. Thread made of sinew held the skins together.


His tools are even more surprising. The most impressive is a copper axe with a yew handle. He was also found with a dagger with a flint blade, wooden handle, and a sheath attached to his belt. He carried a bow, although it seems it was not yet finished and did not have a string. To go with the bow he had a quiver with arrows and arrow shafts. The arrowheads are made of flint, and feathers were attached to stabilize the arrows in flight.


Apparently he had a backpack with an internal frame and a bag made of animal hide. Inside the backpack were birch bark containers, and one was probably used to carry embers to start a fire. He also carried a net, some string, a thong device perhaps for carrying dead birds during a hunt, and fungus thought to be used medicinally.


Given the era, and the state of European civilization at the time, the technology is stunning. It shows how deeply seated the engineering mindset is in the human brain. In order to be carrying a copper axe, for example, it implies the ability to mine and refine copper ore and then cast copper objects from molten copper. It is a surprising level of technology to achieve in a primitive culture.


SEE ALSO Bow and Arrow (30,000 BCE), Inuit Technology (2000 BCE), Bessemer Process (1855).
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Dutch artists Adrie and Alfons Kennis created this reconstruction of Otzi the mummy based on the latest forensic research.



















2550 BCE


The Great Pyramid


When we think about engineers who are working today, they are usually working on something that benefits society. They might be designing a bridge, a consumer device, or a new vehicle. Not so with the Great Pyramid in Egypt. Even today, thousands of years after its construction, the Great Pyramid is one of the biggest, heaviest, tallest things human beings have ever built. Yet it functionally accomplishes nothing.


Engineers did not jump out of bed one day ready to build the Great Pyramid. They built a few test pyramids over the course of a century. The Pyramid of Djoser is a classic step pyramid 200 feet tall. The Maidum pyramid is a classic step pyramid with several of the steps filled in to start making a smooth pyramidal form. The Bent pyramid started with one slope, and then the engineers realized that it would not work, so they changed the slope midway. The Red pyramid gets the shape right, but is 140 feet shorter than the Great Pyramid.


Then engineers were ready to build the Great Pyramid. They cleared off the sand on a 13-acre (5.26 hectare) site to expose bedrock for the pyramid’s foundation. They oriented the pyramid almost perfectly north. Then they laid the base layer of stones, measuring 756 feet (230 meters) square. The stones came from quarries along the Nile River.


The engineers had to do something fascinating during construction. They had to visualize the chambers, hallways, and shafts that would exist in three dimensions in the body of the pyramid, and they had to build them layer by layer during the pyramid’s construction. This is the same kind of methodology that an engineer with a 3D printer uses today.


Eventually the pyramid rose to a pinnacle at 481 feet (146 meters). The world’s most gigantic monument was complete. The Great Pyramid stands out as an engineering triumph.


SEE ALSO Parthenon (438 BCE), Basilica of Saint Denis (1144), Washington Monument (1885), Eiffel Tower (1889), 3D Printer (1984).
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The Great Pyramid of Giza, pictured, is the largest and oldest pyramid in the Giza Necropolis.



















2000 BCE


Inuit Technology


Engineering seems to be something wired into the human brain. Many human cultures are quite adept at developing innovative technologies to solve problems they experience. This happened in spades in the Inuit culture in Northern Canada and Greenland.


Although no one is sure exactly when the Inuit peoples arrived in the area, it is thought to have occurred sometime before 2000 BCE. The Inuit lived above the arctic tree line, in an extremely harsh climate, and developed at least a dozen unique technologies to deal with the environment and to help in providing food and shelter.


One of their key requirements is clothing that can protect against winter temperatures that regularly plunge below 0°F (-17°C). Inuit parkas, boots, and gloves provide that protection. Made of animal hides with the fur on the inside to improve insulation and avoid wetting, Inuit garments are works of art and beautifully engineered.


Another area of innovation is the igloo, able to provide shelter in the most extreme arctic conditions. Using a snow saw, Inuit can build igloos in just an hour or two to erect a quick shelter. Given more time, these ice domes can be 13 feet (4 meters) in diameter and 10 feet (3 meters) high.


An Inuit technology widely adopted in the West is the kayak. In its original form, a wood frame bound together with sinew is covered in de-haired sealskins. The Inuit perfected the idea of rolling the kayak back over if it capsized.


Inuit snow goggles carved of wood provide protection against snow blindness on bright days. They consist of an opaque mask with narrow slits to significantly cut down on incoming light.


The Inuit are adept at crafting knives, arrowheads, and harpoon heads from materials like bone and stone. The toggling harpoon head is particularly insightful. Once embedded, the head shifts from parallel to perpendicular to make the harpoon’s accidental removal nearly impossible.


Together this suite of technologies make it possible for the Inuit to thrive in the harsh arctic climate. Each technology embodies unique engineering discoveries polished to a high art and then handed down orally from generation to generation.


SEE ALSO Bow and Arrow (30,000 BCE), Mars Colony (c. 2030).
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In this 1924 photo, an igloo is constructed as children and dogs look on.



















1400 BCE


Concrete


When did people start using concrete? It appears that it was over 3,000 years ago, between 1400 and 1200 BCE. Archaeologists have discovered concrete floors in the palace of Tiryns in Greece, which predate the Bronze Age. Because it was a bad formulation, it cracked easily. The city of Pompeii was built mainly with Roman concrete.


In today’s world, concrete is an incredibly important material. Civil engineers use concrete to build roads, bridges, dams, skyscrapers, runways, canals, and foundations on a massive scale. If you take it by weight, concrete is the number-one building material in the world by far.


It’s easy to understand why concrete is so popular: it gives engineers the ability to pour a liquid into a mold and create something similar to solid rock that can last for centuries. By adding steel rebar or pretensioned steel, the strength of concrete improves dramatically and makes it possible to create beams 100 feet (30 meters) long or more. Add to that the fact that most of concrete’s weight comes in the form of sand and gravel, and you have a material that is inexpensive compared to alternatives. At today’s prices, concrete costs less than three cents per pound (0.45 kg).


Concrete has four ingredients: one part Portland cement, two parts sand, and three parts gravel with enough water to make a paste-like mix. The Portland cement, when mixed with water, acts like a glue that binds the sand and gravel into a dense solid. This is not like a glue that dries, however. It is more like a calcium-silicon-water epoxy that hardens through a chemical reaction. This reaction gives off heat and it is slow. It takes concrete several weeks of curing to reach reasonable strength. This is why you will often see workers pour a concrete foundation and then disappear for a month. They are waiting for the concrete to cure to the point where they can put weight on it.


Although concrete is simple to make, it is important to do it right. When a road or foundation is poured, engineers will often take a cylindrical sample and do a crush test to confirm its compressive strength.


SEE ALSO Pompeii (79), Woolworth Building (1913), Millau Viaduct (2004).
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Fragment of a road being constructed from concrete.



















625 BCE


Asphalt


Where would cities be without asphalt? It is a wonder material for building roads and parking lots because it is cheap, easy to work with, smooth, seamless, and durable. Engineers can spec out an asphalt road that can handle millions of cars for a decade or more. Asphalt is so popular that all but 6 percent of America’s roads are made of the material. One of the earliest known uses of asphalt goes back to 625 BCE in Babylon.


One reason for asphalt’s popularity is its simplicity. Asphalt has three basic components: sand, gravel, and bitumen. Although found occasionally in nature, bitumen today comes from refineries. It is separated out from crude oil in the same way as other petroleum distillates. Gasoline and bitumen contain the same atoms (carbon and hydrogen), but the carbon chains are immensely long in bitumen. Therefore bitumen is approximately a solid at room temperature.


It is possible to make asphalt by hand. You could even make a small amount in your kitchen oven. Put some sand and gravel on a cookie sheet. Put it in a 300°F (150°C) oven long enough for it to heat evenly and dry out. Now place a lump of bitumen on it and continue heating until the bitumen melts. Stir thoroughly to mix bitumen and gravel together. You have asphalt. Your kitchen will stink and you will never get that cookie sheet clean, but now you can fix a small pothole.


Engineers have refined the creation of asphalt and the equipment that handles it to push down the cost of roads. For example, the Strategic Highway Research Program created mixing and construction guidelines for SuperPave, the asphalt recipe used in many highways today. On a big road project, engineers will often erect a portable asphalt plant near the construction site to make delivery easier and more consistent.


One little-known fact about asphalt is that it is the most recycled material, by weight, in the US. Construction crews grind it out and re-add bitumen to make new roads. If it weren’t for asphalt, engineers would need to use concrete, which is much more expensive. This makes asphalt one of the most popular construction materials in the world.


SEE ALSO Bessemer Process (1855), Wamsutta Oil Refinery (1861), Titanium (1940).


[image: ]


The process for the creation of asphalt has been refined since its first use in Babylon in 625 BCE, when Herodotus recorded it being used as mortar.



















438 BCE


Parthenon


The Parthenon is a structure that is both beautiful and beautifully engineered. It has stood the test of time, and is amazing to us today because it was built in an era when so little technology was available to provide assistance. It also tells us something about the people who conceived it.


The Parthenon was created in 438 BCE as an immense temple to the goddess Athena. It once housed an enormous statue of her rendered in gold and ivory. There is actually a reproduction of this statue inside a replica of the Parthenon in Nashville, TN.


The basic structural idea the engineers used was fairly simple, while also being magnificently executed. The outer perimeter consists of marble columns—eight across the front and back, seventeen along the sides. Across the tops of the columns are marble lintels, and then a lot of decoration. The original structure had a roof made of wooden trusses covered in clay roof tiles. It also had interior walls that created a room for the statue.


One thing that people marvel at today is the fact that engineers designed curves into the Parthenon, apparently as a kind of reverse optical illusion. So the floor of the temple is not flat—it is subtly higher in the middle. The columns do not stand straight; instead they lean in very slightly. The corner columns do not match the others—they are slightly wider and closer to the others. Everything “looks right,” but the only reason it looks right is because everything is a bit wrong. The wrongness was built in to create the rightness of appearance.


So today, when we think of the greatest Greek temple, we think of the Parthenon. Not because it was the biggest, or the best preserved, but because of its perfection. The Greeks have gone to a tremendous amount of trouble recently to repair some of the damage that has been inflicted over the centuries and restore the grandeur created by the original engineers and craftsmen.


SEE ALSO The Great Pyramid (2550 BCE), Basilica of Saint Denis (1144), Truss Bridge (1823), Washington Monument (1885).
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The Parthenon is widely regarded as the most perfect example of Greek architecture.



















312 BCE


Roman Aqueduct System


Appius Claudius Caecus (c. 340 BCE–273 BCE)


Sometimes a group of people have big, pressing needs that can be solved by engineering. Such was the case in ancient Rome, and the problem was the water supply. The year is approximately 300 BCE and Rome is growing. But the water supply stinks. Literally. Water from underground has a bad taste, and water from the Tiber River is loaded with pathogens.


To solve the problem, Roman engineers commissioned by censor Appius Claudius Caecus developed aqueducts. The first one, called Aqua Appia, is a perfect example. The engineers found a large, clean spring about 10 miles (16 km) outside Rome. Located at a higher elevation than Rome, gravity could do the work of moving the water toward the city. Roman engineers cut trenches or dug tunnels (often through solid rock) and then lined them with waterproof mortar. If a valley got in the way, the engineers built a bridge to carry the channel. The channel sloped gently downward all the way to the city.


What to do about mud and sediment in the water? The water flowed slowly through wide, deep pools so particles could settle out. How to maintain the tunnels and clean them out? Vertical shafts connected the tunnels to the surface. What if too much water surged through the system? The tunnels had overflow vents to drain away extra water.


The Aqua Appia aqueduct is thought to have delivered 20 million gallons (76 million liters) of water per day to Rome. Once inside the city, the water from an aqueduct could flow into large, elaborate public fountains, to public baths, into pipe systems to residences, or into the sewer system. The sewers carried waste out of the city and kept Rome remarkably clean.


Even with 20 million gallons of water a day, Rome outgrew the supply. So the engineers built more aqueducts. Over the course of five hundred years, there were eleven aqueducts feeding Rome, the longest one stretching 56 miles (90 km). The entire system brought perhaps 300 million gallons (1.1 billion liters) of water per day to over a million people. It was an amazing achievement and it led to later innovations such as the modern sewer system.


SEE ALSO Modern Sewer System (1859), Desalination (1959), Stormwater Management (1992).
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This ancient aqueduct is now the Pont du Gard Bridge near Remoulins, France.



















100 BCE


Waterwheel


Before the introduction of the steam engine, the diesel engine, and the electric motor, if people wanted to build a factory or use a large tool of any sort that went beyond a hand tool, they needed something to provide the power. Engineers could and did put humans in big hamster-wheel-like affairs (treadwheels) to spin horizontal shafts. They also could have people or horses walk in circles to turn a vertical shaft.


But the innovation that reliably provided a source of continuous power was the waterwheel. And the Romans appear to be the first to have exploited it in about 100 BCE. There are multiple Roman sites that show their engineering prowess, but the most impressive was the multi-wheel flour mill at Barbegal in France.


On a steep hillside, Roman engineers arranged two sets of eight mills with sixteen vertical overshot waterwheels. Because of the hillside arrangement, the water leaving one wheel could feed into the next wheel down.


The horizontal shaft of a waterwheel would connect to a cog wheel so that: 1) the direction of the shaft rotation could switch from horizontal to vertical for the millstone and 2) the rotational speed of the millstone could be two or three times faster than the waterwheel.


It is estimated that the 16 mills at this site could produce perhaps 10,000 pounds (4,500 kilograms) of flour each day. A pound of flour would make a loaf of bread. The 10,000 loaves of bread per day fed the nearby Roman city of Arelate (present-day Arles), which had a population of perhaps 30,000 people.


The Romans also used water to power reciprocating sawmills for wood or stone.


At the start of the Industrial Revolution in America 1,700 years later, water was still the power source. Both vertical and horizontal waterwheels provided the power for the first factories. Therefore factories needed to be located where falling water was available in sufficient quantity. So, for example, the first factory of the Industrial Revolution was located at Pawtucket Falls in Rhode Island. Until steam engines became popular, every factory needed falling water to provide the power.


SEE ALSO Roman Aqueduct System (312 BCE), Simple Machines at Yates Mill (1750), Cotton Mill (1790), Mass Production (1845).
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This undershot water wheel of a water mill is found in Portogruaro, a town on the river Lemene in the Province Venice in Veneto, Italy.



















79


Pompeii


Roman cities were prime examples of early engineering prowess. Especially when the Roman engineers built new cities from scratch; they were highly evolved, orderly, planned metropolises able to support tens of thousands of people comfortably.


Pompeii had been under Roman rule for more than a century when it was buried under volcanic ash in 79 CE. The ash preserved the city like a time capsule and lets us see how Romans lived 2,000 years ago in their engineered cities.


The water and sewer systems were important elements of a Roman city. Water came in via free-flowing aqueducts. It was distributed to citizens through pipes and public fountains. Excess water, human waste, and storm water flowed into a belowground sewer system.


Roads were extremely important for letting people, animals, and carts move around the city. The city streets were paved with stones and laid out in a grid pattern much like they are in a modern city. Sidewalks lined the streets and were covered to shade pedestrians.


The public baths were important both for hygiene and socializing. Many incorporated an ingenious heating system called a hypocaust. The floor of the bath was raised up on tile pillars with a 3-foot (1 meter) gap underneath. Smoke and heat from a fire would flow under the floor and through the walls to heat the bath to temperatures as high as 120°F (49°C).


A Roman city also contained shops, workshops, bakeries, markets, a forum with its public temples and government offices, an amphitheater, and a performing theater. The citizens of the city lived in private homes or apartments.


The building materials available to the engineers were stone, concrete, brick, tile, and wood. The Pompeii amphitheater, for example, is the oldest stone amphitheater in the Roman Empire. A typical home’s walls were covered with plaster on the inside and often painted, with stucco on the exterior. Roof trusses were used, covered in roofing tiles.


Engineers had created the height of urban luxury for the citizens of these Roman cities, delivering everything that large numbers of people needed to live comfortable lives.


SEE ALSO Parthenon (438 BCE), Roman Aqueduct System (312 BCE), Waterwheel (100 BCE), Truss Bridge (1823).
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The ruins of Pompeii, seen in this aerial view of what is now Naples, Italy, show the scope of the original city.



















1040


Compass


Imagine the problem you had if you were a traveler in uncharted territory five hundred years ago. If you had a clock and you could see the sun, you could get a decent sense of direction. Or at night, if you could see the stars and you had some time, you could also get a sense of direction. But wouldn’t it be great if you could pull a device out of your pocket and it would immediately tell you your direction of travel in an instant?


A compass seems so simple today. Any kid can make one in five minutes with a sewing needle, a refrigerator magnet, a little piece of foam, and a bowl of water. Rub the needle on the magnet to magnetize the needle and float it on the foam in the bowl. The needle will rotate, and you’ll instantly know where magnetic north is.


But rewind a thousand years and it’s not so easy. First you need an iron needle. Which means you need iron—no small thing given the technology required to smelt the ore. Assuming you can find the ore and know what it means. Then you need the ability to shape the iron into a needle, which requires tools and some finesse. And then you need a magnet. Where will you get one of those? Electromagnets don’t exist yet. There are naturally occurring magnets called lodestones, but they are rare and you need to find one.


Everything came together in China. During the Song Dynasty around 1040, they began to produce iron, and iron needles, which they combined with lodestones to make the first compasses. They hung their needles on strands of silk rather than floating them in a bowl of water.


From an engineering standpoint, compasses were incredibly important to early surveying efforts. If you needed to lay out a railroad, a canal, or the boundary lines on a piece of land, a good compass was essential. There was no other easy, accurate way to get your bearings in the middle of nowhere.


All because the core of the earth is itself a magnet, and instrument makers used that fact to create quality direction-finding instruments.


SEE ALSO Gunter’s Chain (1620), Mechanical Pendulum Clock (1670), Bessemer Process (1855), Atomic Clock (1949), Global Positioning System (GPS) (1994).
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The magnetic compass was developed during the Song era of China. A modern magnetic compass is shown here.



















1144


Basilica of Saint Denis


When we think of the buildings known as cathedrals, the image that usually comes to mind is the Gothic cathedral, made of stone at an incredible scale with massive stained glass windows. These structures are marvels in several respects, but perhaps are most interesting because they represented a significant step forward in terms of architecture and engineering. Although The Great Pyramid and other such monumental structures existed, the world had never seen buildings this tall and open, with such gigantic windows and so much light. The St. Denis Cathedral, which opened in France in 1144, is considered to be the first example of this architectural form.


There were two engineering innovations that made the Gothic cathedral possible. The first was the Gothic arch, or pointed arch, which replaced the rounded Roman arch. The pointed arch sends much more of the weight it supports down vertically rather than flattening the arch horizontally. But it does not send all of it downward. This is where the second innovation, the flying buttress, comes in. The buttress pushes in horizontally to counteract the arch’s desire to push outward. The flying buttress stabilizes the arch, making the ribbed vault and stone ceiling possible. The buttresses also stabilize the tall walls. Because they are on the outside of the building, buttresses do not get in the way of the windows.


With these two innovations, engineers could build thin stone walls to incredible heights and leave huge holes in the walls for windows. A typical Gothic cathedral is well over 100 feet tall on the inside.


This is not to say that building these cathedrals was an easy task. Workers and craftsmen had to quarry and carve tons of stone. It all had to be hoisted, fitted, and locked in place. A cathedral project could take a hundred years or more.


The typical human being in this timeframe had never seen a building this gigantic, with so much interior volume and such an amazing amount of glass. Engineers had created a completely new way for people to think about structures.


SEE ALSO The Great Pyramid (2550 BCE), Burj Khalifa (2010).
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The Basilica of Saint Denis is considered to be one of the first examples of Gothic architecture.



















1300


Catapult


The word “engineer” entered the English language in the early 1300s. It denoted a person who built military engines, also known as siege engines. These were various machines used to lay siege to a walled city, castle, or fortress. Siege engines included things like battering rams, ballistas (giant crossbows), and catapults.


Although military engines got their start around 400 BCE with the Greeks and Romans, we tend to think of siege weapons being unleashed upon castles in medieval battles. This explains the timing of the introduction of the word “engineer.”


At that time, two types of catapults were popular: the mangonel and the trebuchet. The mangonel relied on a torsion device to store energy, while the trebuchet relied on a weighted arm. The trebuchet in particular was quite powerful, able to sling stones weighing 300 pounds (136 kg) or more at castle walls to crush them. The range was hundreds of yards. When not shooting projectiles, catapults could fire incendiaries, animal carcasses, or diseased human bodies.


The basic mechanics of both catapult designs are straightforward. A trebuchet stores energy in the rise of a heavy weight attached to a long arm. In a big trebuchet, the arm might be 60 feet (18 meters) long and the weight could be as heavy as 10 or 12 tons.


The mangonel used hundreds of tightly twisted rope strands. Cocking the catapult involves pulling the arm down 90 degrees, adding even more torsion to the ropes. When released, the ropes would spring back to launch the projectile.


In 1304, engineers built what is believed to be the largest trebuchet ever for a siege that was taking place in Scotland. The trebuchet’s name was War Wolf. By repeatedly launching projectiles weighing 300 pounds (136 kg), one of the walls at Stirling Castle crumbled. Engineers won the battle by using mechanical engineering to crush heavily fortified stone walls.


SEE ALSO Bow and Arrow (30,000 BCE), AK-47 (1947), Cluster Munition (1965).
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Trebuchet catapults at the Castle of Castelnaud, Dordogne (Perigord), Aquitaine, France.



















1372


Leaning Tower of Pisa


Bonanno Pisano (Dates Unavailable)


The St. Louis Arch, the Washington Monument, the CN Tower in Toronto, and the Burj Khalifa in Dubai all have massive foundations. The leaning tower of Pisa is an example of why the foundation is so important. Bonanno Pisano is given credit for the original architecture of the tower. Construction began in 1173, but since its completion in 1372, legions of engineers have spent centuries trying to fix the foundation problems that were baked in from its start.


Pisa is located at the confluence of two rivers, on land that is soft and wet. A modern engineer would probably drive piles deep down into the unstable soil, until they anchored in stable soil or rock. This is how the city of Venice was built, using piles made of wood. With the Tower of Pisa, it looks like the builders simply dug a trench and used standard masonry footings. With soil so soft, this foundation is inadequate.


So why is the tower standing at all? It is thought that a budgetary fluke saved it. When the tower was three stories tall, construction was interrupted for a century due to a lack of funding. This delay allowed the soil under the tower to consolidate and stabilize. Then, when construction resumed, attempts were made to straighten out the tower by making one side taller than the other. But the tower started leaning more and more.


There have been several attempts to stabilize the lean over the years, none successful and several that made the lean worse. It wasn’t until the twenty-first century that engineers found a solution in two parts. The tower leans to the south. So they used a process called soil extraction on the opposite side. They drilled down diagonally with augers and pulled out soil from underneath the north side. Gravity caused the tower to settle toward the north as the cavities filled in. They did not want to straighten the tower—that would kill tourism. They reduced the lean enough to bring the tower back into its safe zone. Then engineers installed a drainage system to extract excess water from the soil around the tower.


Even though early engineers made mistakes initially, and nearly toppled the tower with several bad remediation ideas, their successors eventually found a working solution that saved the tower, lean and all.


SEE ALSO Washington Monument (1885), Gateway Arch in St. Louis (1965), CN Tower (1976), Burj Khalifa (2010), Venice Flood System (2016).
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This photo of the Leaning Tower of Pisa dates back to circa 1890.



















1492


Square-Rigged Wooden Sailboats


When we think back to the age of discovery, the age of sail, or the age of pirates, we automatically invoke images of square-rigged wooden sailboats. Columbus’s Niña, Pinta, and Santa Maria are perhaps the best-known ships of the genre, but there were thousands of ships like these transporting people and goods around the world. These boats were made in shipyards by craftsmen, who learned their trade through apprenticeship and experience.


But in mindset they were engineers, designing and building custom vessels using a common basic architecture. That architecture dominated shipbuilding until steel refined using the Bessemer Process completely reconceptualized the design and construction of ships in the late nineteenth century.


The architecture was surprisingly straightforward and consisted of four parts. First there was the main spine of the ship, known as the keel, which ran down the center of the vessel’s bottommost point. This was a stout square timber carved from a single log, or joined together from multiple logs, depending on the length of the ship. At the front of the keel, multiple pieces of wood were joined together to make the curving stem extending up and forward from the keel. At the back, a sternpost joined the keel and rose vertically.


Second, attached to the keel was a set of sturdy ribs or frames made from multiple pieces of wood, called futtocks, joined together. The ribs attached to the keel with the help of pieces called floors. Ribs determined the shape of the outer hull.


Third, the top deck and any interior decks were formed with horizontal beams attached to the ribs. Finally, the outer surface of the hull, as well as the deck flooring, was made of one or more layers of planking. The planks attached to the ribs or beams with trunnels—pieces of wood dowel seated with wedges driven into their ends. Rope soaked in tar would be driven between planks to seal the gaps, and then sealed over with more tar.


Once the hull was complete, the masts could be seated and then their sails and rigging added. This basic wooden architecture—an engineered solution to the wooden boat problem—served humankind well for several centuries.


SEE ALSO Bessemer Process (1855), Seawise Giant Supertanker (1979), Container Shipping (1984).
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A painting of the Santa Maria at sea by Michael Zeno Diemer (1867–1939).



















1600


The Great Wall of China


The Great Pyramid is certainly impressive by any standard, especially given the technology available at the time.


But from the standpoints of engineering, logistics, project management, sheer grandiosity, and persistence, nothing on earth really compares to the Great Wall. It is hard to believe that human beings could ever be organized long enough and well enough to engineer and build something of this scale.


Imagine that we decided to build a wall of stone and brick 20 feet (6 meters) wide and 20 feet high, along with substantially larger watch towers every 1,000 feet (300 meters) or so, from Washington DC to Los Angeles (a distance of approximately 2,600 miles or 4,200 km) and then back again. That is the scale of the Great Wall. By volume of material, the Great Wall might be 100 times larger than the Great Pyramid. It is difficult to know for sure because large sections of the wall have eroded, collapsed, or been dismantled.


The Great Wall, completed in 1600, was built to solve a problem. Various nomadic groups of non-Chinese people, including the Mongols and the Manchus, were trying to invade China. The wall was meant to provide a line of demarcation and defense. It was built over a long period of time—1,000 years or more. The Ming Dynasty, from 1368 through 1644, stands out as a time when the 5,500 miles (8,860 km) was consolidated, linked, reinforced, and standardized to create the wall we know today.


The basic architecture for a wall section is fairly straightforward. Two thick stone or brick walls were built 20 feet apart, and then the gap filled with dirt and rubble. Paving stones or bricks along the top of the wall covered the dirt fill to create a path approximately 17 feet (5 meters) wide.


With anything we build today, we have assistance from machines—bulldozers, tunnel boring machines, tower cranes, dump trucks. The Great Wall will stand out as a singular achievement because, despite its scale, it was built instead by millions of hands.


SEE ALSO The Great Pyramid (2550 BCE), Tunnel Boring Machine (1845), Tower Crane (1949), Burj Khalifa (2010).
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Several walls within what became the Great Wall were being built as early as the seventh century BCE.



















1620


Gunter’s Chain


Edmund Gunter (1581–1626)


Surveying is important to the engineering of any large construction project. For example, it is impossible to imagine laying out a railroad or canal without professionally trained and careful surveyors helping with the project. When you think about a project as big as the transcontinental railroad, which had the added complexity of two railroads being built separately with the plan to meet in the middle of the country, it is an impossible task without surveyors.


It is hard to determine when surveying started, however. The Egyptians certainly knew something about surveying, because the siting, angles, and dimensions of the Great Pyramid are nearly perfect. The Romans had surveyors helping to lay out their roads, aqueducts, and cities as complex as Pompeii. But something like modern surveying started with the invention of the Gunter’s chain, which was introduced by mathematician Edmund Gunter in 1620. The Gunter’s chain is a tool for accurately measuring distances. It has 100 links in the chain with a total length of 66 feet (20 meters). A piece of land one chain wide by ten chains long is an acre.


Early surveyors needed three pieces of equipment: a Gunter’s chain, a plane table with transit or circumferentor, and a surveying compass. With these tools they could orient themselves, sight lines, record angles, and accurately measure distances. This was sufficient for laying out boundary lines. To measure grades or elevations, a topographer’s rod was used.


Today all of this is handled with a computerized, GPS-enabled device called a “total station.” It includes the transit/theodolite and combines it with EDM (electronic distance measuring). A helper stands with a reflector and, once sighted, the total station measures and records angles and distances. There are also robotic total stations to eliminate the need for a helper. Compared to the tools that preceded them, total stations make surveying on civil engineering projects incredibly easy. But the principles are all the same: get your bearings, then measure angles, distances, and elevations. With these techniques, civil engineers can lay out the biggest projects people can imagine.


SEE ALSO The Great Pyramid (2550 BCE), Roman Aqueduct System (312 BCE), Compass (1040), Erie Canal (1825), Transcontinental Railroad (1869), Global Positioning System (GPS) (1994).
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This antique brass theodolite, pictured, measures horizontal and vertical angles and was an essential tool for surveying until replaced by modern tools like the total station.



















1670


Mechanical Pendulum Clock


Robert Hooke (1635–1703), Joseph Knibb (1640–1711)


When we think of the people who design and build clocks, we tend to think of them as clock makers. But if you think about it, a clock maker is a mechanical engineer, working with springs, gears, and mechanical oscillators to create a timekeeping device. The pendulum clock was one of the first timekeeping devices to work with reasonable accuracy. These clocks ranged in size from small boxes to giant towers, the precursors to structures like Big Ben.


The key innovation was the anchor escapement mechanism, developed by Robert Hooke around 1657 and perfected by clockmaker Joseph Knibb in 1670. This was the linchpin in a system to convert the motion of a mechanical oscillator into the movements of the clock’s hands. The oscillator could be a swinging pendulum (typically seen in a wall clock or grandfather clock) or a wheel that rotates back and forth (typically seen in a watch).


The engineer needs to accomplish two things with the pendulum. First, enough energy—in the form of a little push during each swing—needs to be added to overcome the pendulum’s loss of energy to things like air resistance. This keeps the pendulum swinging indefinitely. Second, each pendulum stroke must convert to the correct angular movement of the second hand. The mechanism that accomplishes these two things is called an escapement, and it works in conjunction with a spring or a falling weight to obtain the energy to push the pendulum and move the second hand.


Having arranged a pendulum, a source of energy, an escapement, and a second hand, then the rest of the clock is just appropriate down-gearing to spin the minute and hour hands at their correct rates. A mechanical clock is born. Every mechanical clock you have ever seen is simply an engineer’s creative rendering of the four fundamental parts—oscillator, energy source, escapement, and gearing—to get the clock’s hands to move properly.


SEE ALSO Big Ben (1858), Atomic Clock (1949), Atomic Clock Radio Station (1962), Global Positioning System (GPS) (1994).
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The mechanical pendulum clock, pictured here, was developed based on a number of innovations.
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