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A Glimpse of the Future

Click, click.

Gerald stood in his closet alcove hitting the activation button but was rewarded only with a red light and an annoying click. Gerald could not be late. Not today. Then he noticed he forgot to set his dress type. He selected business attire for such an important day, and finally the light turned green. This time when he clicked the button, the robot arms came alive, dressing him in his favorite suit, tying his tie, and neatly combing his hair. He smiled wide and an ultraviolet beam of light cleaned his teeth. Perfect.

He strolled confidently out to the kitchen, where he was greeted by his wife, who was busy sending their kids off to school through the pneumatic tube system. They dropped away right before they could say goodbye to their dad.

“How are you doing? Nervous?” His wife managed a supportive look despite her obvious concern.

“It will be great,” Gerald beamed, trying to convince himself as much as her. “This new line of autonomous robot servants is leaps ahead of the Model 2s. They practically sell themselves.”

As if to emphasize his point, Giles, their Model 2 home butler, clanked over to Gerald, hat in hand, and said in a tinny voice, “Morning, sir. Shall I call your car?”

“Of course, Giles. Look at the time. It should be here already.”

Lights flashed on Giles’s “face,” indicating he was engaged with the home central computer while his metallic frame stood motionless. Gerald grabbed his hat from the steel fingers, visibly losing his patience just a little.

“Don’t forget your breakfast, dear.” His wife pointed to his plate at the table, on which sat two small capsules. “You need your energy for the meeting.”

He downed his breakfast, placed his hat carefully on his head, kissed his wife, and then strode through the shimmering rectangle of energy that served as the front door of his home. The thorium nuclear engines of his car were purring nicely as the vehicle floated in front of him, the driver’s door opening automatically as he approached.

In the twenty minutes it would take him to fly to work, Gerald reviewed his pitch. He was the chief engineer on this project and had been over the prototype Model 3 with a fine-toothed comb. The higher-ups were sure to fund production, but everything still had to go perfectly.

Azra removed her VR (virtual reality) goggles, the retro-future world vanishing around her, replaced by her somewhat stark office.

“I can’t take any more. Is that really what they thought the future was going to be like back then? And what’s with the creepy 1950s vibe?”

The swarm of nanites that made up Briar’s avatar laughed. That was about the reaction they were expecting. “I know, it’s great, right? You gotta love the robot butler. So retro.”

Briar’s smile was just a bit delayed, leading Azra to suspect she was, yet again, talking to their AI simulacrum rather than the person themselves. “Listen, the Museum of the Future wants this exhibit to go live in two days. I need to put the finishing touches on the project and upload it by tomorrow. I really need your feedback.”

“Well . . .” Azra wasn’t sure how to put this. “The butler is kinda funny, if that’s what you’re going for. But why is everything so . . . analog? Where’s the embedded AI, the virtual overlays? It all looks a bit cartoonish.”

Briar laughed again. “Hey, I’m just reconstructing their vision of the future. I didn’t make it up. Just watch the rest and then ping me with your feedback. Remember, you’re not critiquing their futurism. I just want to know how the VR looks and feels.”

Azra gave Briar a curt nod, then dismissed their avatar with a wave. She reached for the VR goggles, ready to immerse herself again in a world that never existed or will exist, except in the misguided imagination of someone long dead.





10. Self-Driving Cars and Other Forms of Transportation

Will rockets, monorails, and passenger drones replace planes, trains, and automobiles?

In 1872, science fiction author Jules Verne published one of his most famous works, Around the World in Eighty Days. The book was published at a pivotal moment in human transportation, which is likely why Verne’s story so captured the public’s imagination at the time, and still does today. Publication came on the heels of three innovations that changed the world forever: In North America in 1869, the first transcontinental railroad was completed; in the Middle East there was the opening of the Suez Canal in 1869; in Asia in 1869, the Indian railways were linked into one system. With their completion, there was the prevailing sense that the world was about to dramatically change, and they were right. Verne tapped into the excitement for this imminent future.

Together these developments were seen to complete the project of making it possible to travel around the globe in comfort using modern technology. Previously such a journey would require exploration and danger, and now even a spoiled English gentleman could undertake far-flung travels with his valet and very little planning (just a lot of cash). This was arguably the beginning of our truly global civilization, made possible by modern transportation. One leg of the trip was famously completed using an air balloon, to add an extra dose of excitement and “future” technology.

While the fictional journey of Phileas Fogg romanticized a turning point in the history of travel, this was just one moment in a long human journey that arguably goes back millions of years and is likely to literally and figuratively take us to new places in the future.

Our distant ancestors, in fact, hit upon a revolutionary transportation technology called “bipedalism.” With the ability to walk upright on two legs, they were able to increase the energy efficiency of their long-distance travel, while freeing their hands for carrying food, children, tools, or weapons. It also increased the distance between their heads and the ground, giving them a better view over the tall grass and helping them keep an eye out for predators or prey. With this remarkable innovation, they essentially conquered the world, spreading out to six continents. Still, walking is slow. It would take several years to walk around the world, even walking twelve hours every day, assuming you could find a route.

Bipedalism and the technology it allowed us to develop essentially made humans a semi-migratory and sometimes nomadic species, increasingly so as our civilization developed. Unlike most species, for example, we usually do not go out into the environment to acquire food and other resources. More and more we have such things brought to us. The food and items in your home have likely been gathered from around the world. Also, many of us migrate daily between where we live and where we work, or migrate for conferences, meetings, family visits, or vacation.

Travel, in other words, has changed our world and our lives, and in all probability will further shape our lives in the future.

Societal change brought about by the ability to move people and things around quickly, efficiently, and safely has been going on since the beginning of human history. Even ancient civilizations engaged in widespread distant trade. Rather than relying on biological innovation, our ancient ancestors used technology to speed up travel and trade. Tin from Cornwall in England and Brittany in France were combined with copper from Cyprus and Spain to fuel the Bronze Age. There was the Silk Road, the Spice Routes, and the Old Salt Route. These were made possible through technological innovations such as the wheel (invented sometime around 3500 BCE) and domesticated animals. The horse came into common use in Europe around 4000 BCE, meaning for over 5,000 years the horse and carriage was cutting-edge transportation technology.

Sea travel goes back even farther. There is good reason to believe that even our ancestors, Homo erectus, crossed at least 100 kilometers of ocean to spread everywhere their tools were found. The oldest actual boat is the Pesse canoe from the Netherlands, from around 8000 BCE. Sailing ships and the knowledge to navigate them across open oceans was not only a means of transportation, but also a major source of military and cultural power from the ancient world into modern times.

Getting people and things from point A to point B takes many forms, with the means to do so quickly and efficiently tracking along with technology in general. How will the Phileas Foggs of the future make their epic journeys, and how will transportation technology further change our lives? We must also consider, as with any technology, the unintended negative consequences of easy long-distance travel, including the rapid spread of infectious agents and the introduction of many invasive species. Starting with the horse, transportation technology has also been used as a tool of colonization and warfare. Whether it is personal travel or mass transit, how we choose to move ourselves through space will change the course of history.

Personal Transportation

For personal transportation, of course, the automobile was transformational, a truly disruptive technology, and remains a dominant form of personal transport. Cars represent personal freedom, mobility, connectedness, and the ability to live and work in increasingly distant locations. The first production car was manufactured by Karl Benz in Germany in 1886. In 1903, Henry Ford in the United States began production of his Model A, but it was the Model T in 1908 that was the first car to be accessible to the masses, bringing an end to the horse-and-buggy era.

In addition to cars, the first steam-powered motorcycle was created in 1867, the “Roper steam velocipede.” The Germans also get credit for the first bicycle—Karl von Drais invented a two-wheel steerable bike in 1817, and they remain a mainstay of self-powered locomotion.

In 2016, there were an estimated 1.32 billion cars, trucks, and buses in the world. At the same time, there were just over 3 million electric vehicles (EVs), hybrids, and hydrogen cars, so the vast majority are still internal combustion. That figure is changing rapidly, however, with over 11 million EVs on the road in 2021, and steep growth in sales.

Horses gave way to cars, motorcycles, and bicycles, but is there a next step in the personal transportation revolution? A serious attempt at altering the world of personal transportation was the Segway Human Transporter, introduced to the market in 2001. This two-wheel, self-balancing, platform electrical vehicle was predicted to transform everyday transport and that eventually even cities would be designed around their use.

However, the Segway never grew beyond a small niche adoption, and certainly did not impact personal transportation. There are several lessons here for futurists. The Segway did not address a specific need. It was more of a “gee-whiz” technology that was created because it was possible. Producers also hoped the public would think the technology was cool, but instead users looked decidedly dorky. Perhaps most importantly, many cities and countries banned them on sidewalks. There was no infrastructure for the Segway, and no compelling reason to create the infrastructure.

More recently, some cities have introduced e‑scooters, now feasible due to advances in battery technology. These are usually shared devices you can rent through an app on your phone—pick one up and use it to get to a different part of the city and then drop it off. There are still some safety concerns with their widespread use, and their longevity and impact remain to be seen. Again, just because technology makes something possible does not mean it will come into wide use, and for now the e‑scooter remains niche.

That icon of the future, the jetpack, of course never made it as a method for personal transportation, not even in niche practical applications. Limitations of energy density for fuel and propellant remain a significant constraining factor, but development of the jetpack continues.

JetPack Aviation, for example, offers the JB10 JetPack. This has two compact turbojet engines that strap to your back and are controlled with hand controllers, somewhat like a motorcycle. The JB10 can achieve about 120 mph for about eight minutes. Computer technology has made such jetpacks safer by automatically stabilizing them, but the primary limitation of range remains. Price is also an issue, with commercial jetpacks being in the hundreds of thousands of dollars.

Trying to get around the range restriction, Martin Aircraft Co. developed a larger jetpack, with two large gasoline-powered ducted fans. It can fly at up to 45 mph to a height of 3,000 feet for 30 to 45 minutes. This craft blurs the lines between jetpack and aircraft, and in fact is currently designated as the latter requiring a license to fly. Essentially, the pilot straps into it, more than it is strapped on.

For now, jetpacks remain, for practical purposes, in the future. At best they will fill some small role, such as transporting firefighters to remote areas or other disaster emergency work. The vision of the personal jetpack used for routine travel or commuting, however, will likely never emerge, at least not without a major technological breakthrough. Personal jetpacks require a much higher energy density than chemical fuel to be practical.

For the foreseeable future, the car is likely to remain king, but how will the car itself evolve? Automobiles, which includes cars for personal transportation, buses for mass transport, and trucks for moving goods, have three major innovations in the works: electric vehicles, self-driving vehicles, and flying vehicles.

EVs are the easiest prediction to make—they are coming. At the beginning of the twentieth century, there was a battle between steam-powered, gasoline, and electric vehicles, and the internal combustion engine running on gasoline won, as discussed, for largely infrastructure-related reasons. Now the internal combustion engine and electric powered car are having an epic rematch, with hydrogen fuel cells as the possible wildcard. This time around, electric vehicles seem poised to be the ultimate winner.

Battery technology is now good enough that such vehicles are cost-effective over their lifetime and can go for 300+ miles, which is enough for the vast majority of uses. Long trips can still cause range anxiety, but that is decreasing with the availability of fast-charging stations.

EVs have several advantages. They are cheaper to operate and maintain and have a reduced cost per mile than gasoline. Regenerative braking allows for greater efficiency by capturing one of the major losses of energy. Taking your foot off the accelerator reverses the direction of the engine, putting energy back into the battery. That energy comes from the momentum of the vehicle by adding resistance to the rotation of the tires, slowing them down. EVs are also quiet and don’t pollute, making them ideal for cities and congested areas. Even without concerns about climate change, EVs are simply a superior technology. With battery technology reliably improving incrementally every year, it is easy to extrapolate out one to two decades to predict EVs with longer ranges and cheaper, smaller batteries.

Concerns have been raised about having sufficient supplies of lithium and other limited materials, like cobalt, for these batteries, as well as how to dispose of the used batteries that will be generated. But these are solvable problems. Old batteries can be repurposed for grid storage and ultimately recycled. There is also a great deal of research into alternate materials for batteries, substituting cheaper and more abundant materials, and with a worldwide market in the billions, this research is likely to be well-funded and bear fruit.

Can the underdog hydrogen score a surprise victory in the battle for the future of cars? In the 2000s we were told to expect the “coming hydrogen economy” with fuel cells for vehicles, but it never came. Hydrogen is a good energy storage medium and can be shipped easily, even transported in pipelines. Additionally, hydrogen cars can be refueled more quickly than a battery can be charged. Even so, researchers have not yet solved the problem of how to safely store lots of hydrogen in a small space and light weight while releasing it quickly enough to supply the engine. As such, hydrogen cars are still using compressed hydrogen gas, which is limited and has safety concerns.

Even if these problems are solved, the round-trip energy efficiency—how much energy is lost while storing and then using energy—of batteries is greater than that of hydrogen, and this efficiency advantage is likely to prove decisive. Infrastructure is also in the EV’s favor. For most uses, they can be charged at home, whereas hydrogen requires a vast infrastructure, so it is much more difficult to bootstrap this industry. Lack of electrical infrastructure is likely what killed the EV in 1900, but it may prove a critical advantage in the 2020s and beyond.

But hydrogen is not out. It may prove useful in certain niches, such as trucking. Trucks tend to have more limited routes than personal cars, so the infrastructure needed would be much less extensive. Shorter recharge times can also be a much greater advantage in an industry where expensive trucks need to be used maximally. The same is true of railroads and bussing, and so hydrogen-powered transport may yet still be in our future.

Gasoline-electric hybrids are likely a mostly transitional technology and are being replaced by full electric vehicles, mainly to meet the goal of weaning completely off fossil fuel. But there are also companies working on supercapacitors, and these may see a role in future hybrid EVs.

Capacitors store electrical energy in an electrostatic field—such as between two conductive plates separated by an insulating layer. A supercapacitor is simply a capacitor with a relatively high energy density (for a capacitor, but still less than a good battery). “Energy density” is energy per volume, while “specific energy” is energy per mass. For convenience, I will mainly be referring to energy density, but both are important. The advantage of supercapacitors is that they can be charged (and discharged) very quickly. They would be ideal for regenerative braking, could give a boost of power when needed, and could be recharged as fast as energy can be provided by available sources.

The disadvantage of supercapacitors is that they currently have low energy density compared to batteries. However, new materials, such as graphene, promise higher density supercapacitors. One prototype graphene supercapacitor has an energy density of about 70 Wh/kg (watt hour per kilogram). For comparison, lithium ion batteries have an energy density of 100-265 Wh/kg. Gasoline has an energy density of 12,000 Wh/kg, but the advantage of gasoline is not as great as this may make it seem. EVs are twice as efficient (50 percent) as internal combustion engines (25 percent) at translating energy into acceleration. Given this efficiency advantage, batteries may eventually reach parity with gasoline.

These figures are as of 2020, and the energy density for supercapacitors and batteries are likely to improve over time. The idea is to have a car with a supercapacitor for fast charge and discharge, and a battery for range. The combination may prove very effective.

As we go farther into the future, other options open up as well. As we will see in chapter 15 on energy, solar photovoltaic technology continues to advance rapidly. It is increasingly possible, therefore, to incorporate them into the design of a car. Already we have the 2022 Hyundai IONIQ 5, an EV with an optional solar panel roof. The company claims this can add 6 km of range per day if driving in a sunny environment. The ultimate expression of this might be photovoltaic paint, where every part of the surface of a car is generating electricity from sunlight. Even windows can be made to produce energy from light.

How much energy solar-powered cars can generate will vary based on many variables: the efficiency of the solar power conversion, the amount of sunlight, and ambient temperatures. Any amount of energy will be useful, however. The energy would be used to recharge the battery (or capacitors) and would therefore extend the range of the car. Parking in the sun during the day could significantly recharge the battery, perhaps enough to cover a short commute.

Also, with solar recharging, an electric vehicle would never be stuck. Right now, if your battery runs dry and you are not near a recharging point, you are in trouble. Your car would have to be towed, although in the future AAA or other services might include trucks that can come by and give you a quick supercharge. With solar panels, you would just need a bit of sunlight and time.

Beyond solar and chemical energy, might cars in the more distant future be fueled by nuclear power? In 1957, Ford produced a concept car called the Ford Nucleon (ah, the ’50s). The concept anticipated the future miniaturization of fission reactors, like those available for nuclear submarines. Imagine having a small nuclear reactor in your trunk. Still, this might be theoretically possible with further development of fission designs, but I suspect unlikely to garner regulatory approval.

What about Mr. Fusion in the film Back to the Future? Again, theoretically possible in the distant future (not 2015, like the movie), but certainly not anytime soon. We’re still trying to work out any fusion, let alone car-engine sized.

But there is one nuclear option that is feasible now: nuclear batteries. These turn the radioactive decay of unstable elements directly into electricity. This technology has been used by NASA for over fifty years to power their deep space probes. This uses radioisotope thermoelectric generators (RTGs), mostly powered by plutonium-238. Other types of nuclear batteries are also in development, such as nuclear diamond batteries where the radioactive isotope is encased in a diamond-like crystal that also converts the radioactivity to electricity.

The advantage of nuclear batteries is that they can last for decades, centuries, or even thousands of years, depending on the half-life of the isotope used. The disadvantage is that they produce a slow trickle of energy, not the massive amounts needed by a car. However, a nuclear battery could be used to charge a regular battery or a supercapacitor, which then provides energy to the motor. Over any twenty-four-hour period, the nuclear battery would need to store enough energy in the main battery for the day’s driving. As with solar panels, even if the car also needed to be plugged in, this would still provide an efficient source of backup energy for the car and a way to extend its range.

Regardless of how they are powered, another interesting potential aspect of cars of the future is their ability to drive themselves. Computer technology to allow vehicles to partially pilot themselves currently exists. In yet another example of technology having deeper roots than we imagine, General Motors started showing off their plans for self-driving cars in the late 1930s. They started developing the technology in the 1950s, along with RCA. These cars could drive on roads embedded with circuits for navigation. This allowed the cars to stay on track, but of course was extremely limited.

The first independent self-driving car was the Daimler-Benz VaMoRs built in 1986. This used technology similar to that of today, with cameras and sensors to read the road, but took two seconds to process images instead of the nanoseconds in modern systems.

Self-driving cars started to become a real prospect in 2008 when an independent company started by Google employees retrofitted a Prius with autonomous driving capability. The result, the Pribot, became the first autonomous car to drive on public roads. The technology has continued to advance since then. The most basic form is called “driver assist”—there is still a human driver in charge, but the car can brake or turn to avoid collision. Partially autonomous modes can take progressive control over the driving, but with a human behind the wheel ready to intervene if the autonomous system fails. The ultimate goal is a fully autonomous vehicle that can drive itself without the intervention of a driver, or without one even being present.

Waymo, a Google company, began testing fully autonomous vehicles (AVs) without safety drivers on public roads in 2017. They continued to advance the technology, in partnership with big auto companies, with the autonomous systems getting smaller, cheaper, and better. By 2021, however, while driver assist cars have been deployed, fully autonomous vehicles have not yet been adopted. The software works very well, but it is not quite ready for the full challenge of a variety of road conditions and possible unexpected events.

This is another good example of overestimating short-term advancement. The technology of AVs developed quickly, and everyone assumed this would continue until the final goal of fully autonomous AVs was achieved, sometime in the early 2020s. However, remember the futurist principle that while technology can improve geometrically, technological challenges can also be geometrically more difficult to solve, leading to diminishing returns. AV technology seems to have hit that wall—the last few percentage points of safety are proving very difficult to achieve. While AVs do well in most situations, they still are at high risk of failure (meaning a potentially serious accident) when confronted with usual road conditions or the behavior of other drivers on the road. Getting over the line to being safe enough for wide use may take a decade or two longer than anticipated.

AVs still seem inevitable, because of their clear advantages. First, as the technology improves, they will quickly become safer than human drivers. Most accidents are caused by distraction, sleepiness, and inebriation. Humans are good at many things but paying close attention for long periods of time is not one of them. Computers, meanwhile, have endless patience and attention. Simulation studies show that AVs will significantly reduce crashes, and this benefit will increase the more AVs there are on the road. A 2018 study by Morando et al. found that “AVs reduce the number of conflicts by 20% to 65% with the AV penetration rates of between 50% and 100%.”

Future travelers may find it scary to think back to our time and the millions of independent distractable human drivers sharing the road with massive congestion and frequent accidents. Worldwide there are about 1.35 million road deaths per year—3,700 per day. AVs may reduce this number to single digits, and perhaps eventually to near zero.

AVs can also be more efficient. Computer algorithms optimize fuel efficiency as it relates to driving style. But AVs can also be connected to a traffic network and will automatically take the most efficient route. The system of AVs can even minimize traffic delays by acting together like a hive mind (perhaps that’s how the Borg got started).

Without the need for a driver, the thirty minutes you take getting to work could also be spent productively. You can get in your car when you are sleepy, drunk, or otherwise impaired. AVs would also be ideal for those with dementia or the elderly who have concerns about their safety driving due to poor vision, arthritis, or just slowed reflexes. AVs, in other words, could give many people greater independence and mobility.

There is also a possibility of changing our relationship with our cars because of AVs. We may use them as a service (MaaS—mobility as a service). Instead of owning a car, you can call one as needed, get in and go to your destination. This is essentially the same as Uber or Lyft but without a driver, and in fact, these companies are developing this technology.

Perhaps the most difficult‑to‑predict aspect of personal transport using cars is the extent to which AVs and MaaS will replace owning and driving cars. Even when MaaS is widely available, it is likely that for a long time owning your own car for your daily commute may still be preferrable. You know the car is there when you need it, and you can personalize it. To some extent your car becomes an extension of your home. People may be unwilling to give this up.

Even if you own a car, you may need to use MaaS when traveling, or when in a city. For those who only need occasional access to a car, MaaS will be the way to go.

It is also difficult to predict if people will completely give up driving cars (except for sport or recreation) in favor of AVs. Will individuals bother to learn how to drive a car when it is no longer necessary? The current generation will likely not give up their license to drive, but there’s no telling what a generation who grows up with mature AVs will do. Driving as a skill may go the way of horse riding.

Full AVs where a human driver is at most optional is still a ways off but will likely be ready by the 2030s. Might there be other disruptive changes in driving technology? This brings us to another icon of the future: flying cars. Who wouldn’t want to hop in a flying car like George Jetson, go straight to your destination, bypassing all obstacles and traffic (although George still had to deal with sky traffic)? The advantages here are clear, but will it ever be practical?

The limiting factor with flying cars is the same as with jetpacks, energy density, and the rocket equation. Rolling on wheels is simply very energy efficient. Most of the energy used is to push air out of the way. Another chunk of energy is lost to braking. Flying, however, costs lots of energy just to get off the ground. It will therefore never be as energy efficient as ground transportation. Also, as with anything that needs to lift its own fuel, you need enough fuel to carry the fuel to carry the fuel to carry the vehicle (this is the rocket equation). Can it be worth it, however?

A 2019 study surprisingly found that flying electric cars can get close to ground cars in efficiency, depending on distance traveled. Most of the energy wasted in flying vehicles is in taking off and landing. Once at cruising speed, however, they can be almost as efficient as cars. So, the farther the flying car goes, the closer to a parity of efficiency it gets.

They also found that location is an important factor, specifically if there are significant obstacles to ground travel, either in traffic or geographic barriers, then flying can be more efficient. For example, it might be more efficient to fly over a large lake than drive around it. Also, the longer cars are stuck in slow traffic, the more efficient it becomes to bypass that traffic by flying, so congested cities might be particularly well-suited to flying cars.

Prototypes have been in development for decades, but none have achieved a commercial product. Some “flying cars” are really planes that you can drive on the road, and therefore may require a pilot’s license and need to take off from an airport. Those don’t count, in my book, as true flying cars.

The best bet for flying car technology is something like a giant drone, big enough for passengers. With modern computer technology, these drone cars would be extremely safe. However, adverse weather conditions are likely to be a limiting factor, as with any flying vehicle. Gasoline engines will likely be in use for a while, but the same possibilities for battery and hydrogen (density and storage issues aside) technology will offer greater range and utility.

As of 2020, there were twenty technology companies developing their version of the electric flying car. However, there is still the question of how much will they cost to own and operate, and how useful (once the novelty wears off) will they be? I suspect they will not replace ground transportation but will supplement it and at first mainly be accessible to the wealthy to own. For most people, access to flying cars will be through a service, when you need to get across town quickly, or if it will shave lots of time off your commute. As the technology progresses, perhaps by next century, they may be cost-effective if mass produced to be routinely owned by the middle class, like cars are today.

For the far future, if we can imagine new sci‑fi technology, then of course the options increase. If something like antigravity is possible (which we will get to in chapter 27), then flying cars become much more powerful and versatile.

What effect will the common availability of efficient flying cars with a good range have on society? In a 2020 article for the Center for American Progress, Kevin DeGood argues that the automobile had a profound effect, leading to urban sprawl and contributing to the segregation of society. Flying cars, he contends, would exacerbate this effect, allowing rich elites to further isolate themselves. It might also have negative environmental impacts, making humans spreading into previously remote areas increasingly feasible.

However, while the flying car might render distance somewhat irrelevant, the increasing ability to work from home because of remote digital connections might make location itself irrelevant. Will the skies one day be crisscrossed with autonomous electric drones ferrying people to their destinations? This could have the advantage of freeing up ground space from traffic. Roads may be primarily for pedestrians, bicycles, and other forms of portable transportation.

Flying cars aren’t the only futuristic cars to crop up in science fiction. There are also hover cars, like the landspeeders from Star Wars. Hover cars are vehicles that can float frictionless above the ground, making acceleration less energy intensive. They would also obviate the need for tires, which eventually wear out. In 1958, Ford proposed the Glideair, which was a car that floated on a thin cushion of air. The project was eventually abandoned due to high costs. The closest analogy today are hovercrafts, which can ride over land or water using a cushion of air retained by a skirt. They use powerful fans to constantly blow air beneath the vehicle to maintain this cushion and push the vehicle up. Another way to achieve this effect is through maglev technology, resting on a cushion of magnetic repulsion, but this would require driving on a magnetic track.

Are there any advantages to this technology that would make the extra complexity and energy use worth it? Probably not (at least not for routine use), which is why this remains in the realm of science fiction. The challenge is making such vehicles safe for day‑to‑day use at speeds comparable to current cars. The lack of friction that benefits acceleration becomes a detriment when you want to brake, for example. The hover car might be an excellent instance of why we do not do things in a more technologically advanced way purely because we can. Sometimes the simpler solutions, like wheels, are just better.

Some kind of car still seems to be the future, but are there any contenders that can displace it from its dominance? Perhaps over short distances, such as within a city. Essentially, we are talking about a portable mobile platform, on which you stand or sit, which can zip you around town. The technology is there—computer-assisted control for stability and powerful enough batteries for reasonable use. Safety will always be an issue when you have someone traveling at running speeds or faster without being enclosed in a vehicle. No matter how stable the platform is, if you go flying off or slam into a pole, it’s going to be a very high risk for injury. Let’s say those concerns can be dealt with. As batteries or supercapacitors get more energy dense, there is a lot of room for such devices to be developed. Probably these devices will not replace other modes of travel and will mostly be used to augment walking.

We also always have to consider the possibility that people in the future will think of solutions that don’t fit into our current framing of the issue. We have been discussing technology for moving along a road or sidewalk, but what if the road itself is what moves, rather than a vehicle?

Several past futurists imagined moving sidewalks in their cities of the future, such as the moving roadway in H. G. Wells’s story When the Sleeper Wakes. There was also a moving sidewalk in the 1900 Paris Exposition made by Thomas Edison. A limited form of the moving sidewalk already exists in many airports, to help travelers with luggage get to what may be a distant connecting flight. It’s hard to imagine a moving sidewalk being incorporated into an existing city, but a future one may include something like it as a core infrastructure.

The far future may have similar solutions to personal travel or completely different approaches that are not extensions of any current technology. I doubt we will see the pneumatic tubes featured in the satirical show Futurama, but some similarly far-out technology may come into use.

Long Distance and Mass Transport

While cars and other personal transport can dramatically affect our daily lives, it is mass transport and long-distance travel that truly connects the world into one web of goods and services. If we want to imagine how a future Phileas Fogg will get around the world, we need to consider the long-distance options. At present we are still mostly using planes, trains, boats, and buses for mass transit of goods and people. In the near and distant future, we are likely to see more advanced versions of these technologies, and perhaps some entirely new modes of travel. Will some kind of balloon transportation, for example, make a comeback?

In September 1783, Jean François Pilâtre de Rozier, a scientist, launched the first hot-air balloon called Aerostat Reveillon. The craft carried a sheep, a duck, and a rooster, but no people. It was followed two months later by the first peopled hot-air balloon flight with two French brothers, Joseph-Michel and Jacques-Étienne Montgolfier, piloting the craft.

Lighter-than-air craft continued to progress, perhaps reaching their zenith with the giant dirigibles of the early twentieth century. Such craft used hydrogen for lift and propellers for speed. They could carry people and goods across the Atlantic. Graf Zeppelin made the first commercial passenger flight across the Atlantic, departing Friedrichshafen, Germany, at 7:54 a.m. on October 11, 1928, and landing at Lakehurst, New Jersey, on October 15, 1928, after a flight of 111 hours and 44 minutes (4.6 days). Half the time still required by ships to make the same journey.

But the destiny of zeppelins was permanently altered by the Hindenburg disaster in 1937. The ship’s hydrogen exploded, likely due to static electricity from the lines. Later designs used the noble gas helium instead, which is not flammable, but the damage was done. As of 2021, there were only thirty-nine registered airships in the United States, mainly used for advertising, such as the familiar Goodyear Blimp—airships that lack a rigid structure and can carry much less cargo and passengers.

It is possible that commercial airplanes and then jets were always destined to replace dirigibles. They are simply faster—while 111 hours is great compared to shipping, a modern commercial jet can cross the Atlantic in just 5 to 6 hours.

There have been several attempts to bring back airships, however. Starting in 1996, the US military used blimps for surveillance because they can stay aloft for long periods of time, but they proved impractical and the lines keeping them in place proved hazardous to other craft. The French company Flying Whales is developing a commercial dirigible for cargo and passengers, and has a contract from Quebec, but has not yet gotten off the ground.

Past futurists filled the skies of their future with airships, but this vision largely fizzled, and no attempt to reboot this technology has yet succeeded. One reason to think we may be seeing more airships in future skies is that they can be highly energy efficient for moving cargo, an increased value when considering concerns over climate change. However, short supplies of helium may ultimately limit their use.

Just as cars are likely to rule the roads for a long time to come, planes and jets are likely to rule the skies for the foreseeable future. Today, Phileas Fogg would simply buy an airline ticket, getting halfway around the world in less than a day, and making the journey home in another. What progress are we likely to see in air travel in the short- and long-term?

Over the last century of commercial airline travel, incremental improvements have been made but the technology has essentially stayed the same. There have been improvements in safety, efficiency, and in‑flight entertainment, while leg room has decreased. Travel times, however, have plateaued. When I was ten years old, my family took a trip, flying from New York to LA in about six hours. Forty-five years later, on my most recent trip to the West Coast, the same trip took about . . . six hours. That is not something my ten-year-old self would have predicted.

This commercial airline speed limit is partly due to the sound barrier, 761.2 mph or 1,225 km/h (called “Mach 1”). Going faster than sound in air causes a sonic boom (a shock wave in the air that travels with the jet producing a trail of explosive sound), and a host of engineering challenges. We can do it, but it has been easier for airlines to stay below this limit. In fact, it is difficult to approach this speed, as parts of the airframe may have air moving across it at faster than Mach 1, causing incredible stress. The speed at which this happens is called the “critical Mach number.”

Airlines are also highly motivated to make each flight as cost-effective as possible. Airspeed is part of this calculation. As jets go faster, air resistance increases fuel use. Drag is about proportional to the square of velocity. This means that a 10 percent increase in speed results in a 21 percent increase in fuel use. So, airlines mostly stay around a safe, comfortable, and cost-effective Mach 0.85, and have been for the last half century.

Will we be stuck with this speed limit for the next century or so? Perhaps. The only other option is to break through the sound barrier with supersonic craft. You may remember the Concorde commercial supersonic passenger liner that operated from 1976 to 2003. The plane flew at just over Mach 2 and could get from New York to London in under three hours. However, tickets were several times higher than a typical commercial jet flight. This may have contributed to the service ending—it could not survive through a downturn in the industry after a crash of a Concorde in 2000, and after the September 11, 2001, terrorist attacks. Other factors were involved as well, such as the inability to travel to overpopulated areas, limited range, and competition from more luxurious first-class options.

Two decades later, there are various efforts to revive a supersonic passenger jet service, with an eye toward greater cost-effectiveness. Obviously, the technology exists but it’s all about whether there will be a market for supersonic travel at the available cost. Exertions to limit the intensity of the sonic boom through improved wing design are also critical and may open up travel routes to supersonic jets.

Beyond supersonic travel there is hypersonic. This simply refers to very fast planes, traveling from Mach 3 to Mach 16. Such velocity requires a redesign of the jet engine to both produce and handle these speeds. One candidate technology being actively researched is a rotating detonation propulsion system, which uses small, controlled detonations in the engines to provide thrust. These engines are more efficient, and so could carry less fuel. Optimistic projections hold that such a plane could fly from New York to LA in thirty minutes.

The only other way to achieve such travel times is with the other potentially disruptive technology for long-distance travel: rockets. Some futurists imagined that earthbound rocket travel might one day replace jet travel. In the 1962 book The Man in the High Castle, for example, writer Philip K. Dick invented a future in which the Nazi’s won World War II and used their advanced rocketry for intercity travel. As we now know, commercial rocket travel never became a reality.

Rockets are hardly new technology, and they were considered for possible long-distance travel even back in the 1950s. The question is—can rocket travel become safe and cost-effective enough to be used for routine passenger travel?

Elon Musk hopes so. He is developing his Starship rocket to not only get people to Mars and to use as a lunar lander (after being awarded a NASA contract in 2021), but also as a form of long-distance travel on Earth. Using this approach, you could go between any two cities in under an hour (take that, Fogg).

The Past and Future of Trains

Like cars and jets, trains are another core transportation technology likely to persist into the future. Even though train travel emerged relatively recently in the eighteenth century, the technology has deep roots. The oldest evidence of using a primitive track for transportation is the Post Track, a prehistoric causeway in the valley of the River Brue in the Somerset Levels, England, which dates to 3838 BCE. The tracks were grooves in limestone, and wheeled carts were pulled by people or animals.

Wooden rails were introduced in 1515 with Reisszug, a track in Austria. In the 1760s, the Coalbrookdale Company in England began affixing iron to the wooden rails to strengthen them. But the real railroad breakthrough came with the introduction of steam power. At the time, England was having a wood shortage crisis. There simply weren’t enough trees to fill the needs of their vast navy and heating homes in the winter. Coal, an efficient, if dirty, replacement, quickly became popular.

However, coal mines have a limitation—if you dig too deep, the mines start to flood. The steam engine was partly developed in 1698 to help pump water out of the coal mines when Thomas Savery created the “miner’s friend.” This allowed them to go deeper and greatly increased the supply of the much-needed coal.

In the 1760s, James Watt, among his other steam engine improvements, created the reciprocating steam engine that was able to drive a piston and turn a wheel. This became the basis of steam-powered cars that could carry coal on the existing rails—and the basis of the steam locomotive. In 1812, Matthew Murray developed the first commercially successful steam locomotive for the Middleton Railway in Leeds called the Salamanca.

Over the next two centuries, railways became a major method of transporting both goods and people. Even with the advent of air travel, trains remain popular for medium intercity travel —in Europe, the UK, Asia, and in some parts of the United States like the Eastern corridor where cities are close together. What is the potential future for trains and similar technologies to fill this travel niche?

One somewhat new concept is the hyperloop. Similar to a subway, it is an underground enclosed tunnel that can be evacuated to reduce air pressure and thereby reduce air resistance, making trains faster and more efficient. Long-distance hyperloop trains can theoretically achieve speeds of 600 mph (965 kph) or more. Being underground, they can bypass obstacles and would not disrupt the landscape.

A limiting factor for the deployment of hyperloop systems is the need to build massive long-distance tunnels. For this reason, our old friend Elon Musk founded the Boring Company, in an attempt to drastically reduce the cost per mile of boring tunnels.

Hyperloops also depend on maglev technology. Maglev trains, which are in service in Europe and Asia, where train travel is more popular, use powerful magnets to float trains above the track and to propel them. They are all electric and fairly efficient and can achieve speeds up to 375 mph (600 kph). There is a move to build a maglev in the Eastern corridor of the United States, but there are no concrete plans as of yet. The initial investment is relatively high, and the need to obtain rights of way across hundreds or thousands of properties makes them impractical depending on the local government and regulations. This problem is bypassed using a hyperloop tunnel.

Maglevs and hyperloops will likely have a future, but it’s unclear if they will dominate or remain in their current niche. It’s possible they will morph from mass transit (cars holding hundreds of passengers) to more individualized transport, using small vehicles with a capacity in the range of four to eight passengers and taking more direct routes to your destination without frequent stops. This, however, would require a more elaborate system of tracks.

As we have seen, there are many possibilities for the future of travel, both personal and mass transit. It seems likely, though, that for the foreseeable future, transportation will continue to be dominated by planes, trains, and automobiles—as we see again and again, old technologies have a remarkable persistence into the future. There is the possibility of some disruption, with supersonic jets, hyperloops, and possibly even rockets, but all are uncertain.

Another way that transportation might be upset is in shifting the distinction among short, medium, long, and intercontinental distance travel. Right now, cars are short to medium distance, trains are mostly medium, and planes are long distance and intercontinental. But what if flying drone cars become so advanced that they can be used for any distance? This could largely obviate the need for other forms of travel.

The real question is, do we have any other Phileas Fogg moments in our future, where the world fundamentally changes because of a disruption in transportation technology? We can extrapolate out current technology and predict that generally everything will get faster, safer, and cheaper, and the world will continue to get effectively smaller. But will we see entirely new forms of travel?

We will likely have to wait for sci‑fi technologies that don’t exist yet (and may never exist). In the 2012 remake of Total Recall, a train system dropped through the center of Earth, a ride that took forty-two minutes. This would make it possible to commute to the other side of the planet. Instant teleportation would essentially erase distance, making everything local. Perhaps the next such milestone in transportation will be to travel around the world in 0.80 seconds.





11. Two-Dimensional Materials and the Stuff the Future Will Be Made Of

We may be entering the age not just of advanced materials but of smart materials.

I have long argued that material science is greatly underappreciated. We can, of course, learn new and better ways to manufacture items out of existing materials, but discovering a new material could be a game changer. It opens up entirely fresh possibilities, the potential for new technologies and capabilities.

Look around your environment right now, wherever you happen to be. It is likely that most of the material you are surrounded with is something humans have been using for thousands of years. One notable exception is plastics, a truly modern material. Will this continue to be true into the future? What new futuristic materials will make that future possible?

Most common materials used to build the modern world have deep historical roots. This is not surprising, as nature contains many materials, and it was not difficult to find ones with the exact desirable properties for different purposes.

The oldest materials used by humans for tools and building were wood and stone. Stone is hard, the hardest substance to be found in most environments with the oldest evidence of stone tool use going back to 3.3 million years ago. This makes it likely that prehumans were using unmodified stones prior to that. The Stone Age of technology lasted from then to about 5,500 years ago.

Despite its age, the global natural stone market in 2018 was estimated at $35 billion and is continuing to grow. Stone remains popular as a building material and for many applications, like countertops, because it is still the best option in terms of aesthetics and quality. Wood also remains in widespread use for its beauty and its physical characteristics. In developed nations, more than 90 percent of homes are still built from wood. Most of the rest are framed with concrete.

Concrete was first used by Nabataea traders in what are now Syria and Jordan 8,500 years ago. It became a dominant construction material in Rome starting around 200 BCE. They made it out of a combination of ash, lime, and seawater. Concrete is currently the single most common building material used today, with about 2 billion tons produced each year and continuing to grow.

Glass was discovered about 4,000 years ago. Ceramics go back even farther, to about 30,000 years ago. Paper is 2,000 years old. The oldest leather artifact is 5,500 years old, but it’s likely that use of hide and leather goes back much farther. The oldest known form of cloth is linen dating back to Egypt 5,000 years ago.

The ability to smelt, cast, and forge metals was a transformative technology for human civilization, so much so that archaeologists use them to define technological ages. The oldest metal artifact is a copper awl found in the Middle East from 8,000 years ago. Bronze, an alloy of copper and tin, came soon after, 6,500 years ago. Iron, the relative newcomer, was found in artifacts from Egypt 5,200 years ago.

The Iron Age really took off, however, with the discovery of steel, an alloy of iron and carbon, about 4,000 years ago. Since then, metallurgy has been a critical material technology for human civilization and has continued to steadily progress. According to the World Steel Association, 1,808 million tons of steel was produced worldwide in 2018. There are 20 elements commonly combined with iron (in addition to carbon) to make about 3,500 different grades of steel. The precise content of carbon and other alloys, and the heat treating of steel to control crystal size, also greatly impacts its properties.

One dramatic example of how important steel continues to be in our modern world is the fact that when SpaceX was designing their Starship, which they hope to send to Mars, they decided to build it out of stainless steel. Steel is therefore still a “space age” material.

Material science is perhaps the most extreme example of the futurism principle that old technologies tend to persist much longer into the future than we might naively imagine. Our civilization is still built mostly out of ancient materials that we have been using for thousands of years.

Of course, there are also some important industrial-age materials that have been added to the mix, like rubber and graphite. Some modern materials are simply recently discovered elements, such as tungsten, a metal with a high melting point, central to making tool steel. Uranium and other radioactive materials are necessary for fission and nuclear-based technology. Rare earth elements, such as cerium, neodymium, and terbium, are important to many modern electronics—anything with a battery or magnet likely has them.

One industrial-age material that is critical to our modern world but you probably take for granted is aluminum. It was discovered in 1825 by Danish chemist Hans Christian Oersted, but the process to purify it was costly. For this reason, and because of its unusual properties—it’s very light for its strength and heats up and cools down very quickly (has a low specific heat)—aluminum was extremely valuable. It was more expensive than gold for part of the nineteenth century.

However, aluminum is the third most common element in Earth’s crust at 8.3 percent (after oxygen and silicon). It’s literally in our dirt. By the end of the nineteenth century, the technology to cheaply purify aluminum was coming together. In 1863, two people almost simultaneously figured out how to mass produce the metal: American Charles Martin Hall, who was only twenty-two, and French chemist Paul Héroult, who was twenty-three. Their discovery led to the mass production of aluminum and the steady drop in price, down to only 20 cents per pound by 1930. Today the price hovers around a dollar a pound.

This is a great example of how easy it is to miss a disruptive technology. Cheaply purifying aluminum from dirt was likely not on many nineteenth-century people’s lists of technologies that would transform their future, but this obscure chemical process did just that. Aluminum is so cheap and plentiful that we literally use it as a disposable wrap for food. The metal is also highly recyclable, making it useful for canning and its light weight makes it ideal for many structural purposes. There are about 400 pounds of aluminum in a typical modern car, and this figure is growing. The airframe of many modern jets is about 80 percent aluminum. This is truly a modern material that is likely to continue to be important for a long time to come.

But perhaps the most iconic industrial age/modern material is plastic, a purely synthetic material emerging from the science of chemistry. Celluloid is a combination of nitrocellulose and camphor. It was first made by Alexander Parkes in 1856 but was patented as celluloid by John Wesley Hyatt. It was first created as a replacement for ivory, which was running short because of demand and overhunting of elephants, but the moldable material was soon adopted for a wide range of uses.

Try to imagine our modern life without plastic. There are many types of modern plastics, including polyethylene, PVC, acrylic, nylon, polypropylene, and others. They have a range of desirable properties, including hardness, stability, and the ability to mass produce and shape as desired. Plastic can also be sterile, which is critical for the medical industry.

Of course, there is a downside to the plastic revolution—it is so stable that many forms do not significantly biodegrade. Some plastics shed chemicals into the local environment or break down into smaller and smaller particles. The world produces about 300 million tons of plastic waste per year, which is clogging our oceans, and breaking down into microplastics that are getting into the ecosystem and our food chain. Researchers are now looking for biodegradable and more sustainable substitutes for plastic, and in some cases companies are going back to older natural materials (like paper straws instead of plastic straws) because they are safer for the environment. Another example of how we cannot make simplistic assumptions about the priorities that will shape the future.

In addition to ancient and industrial-age materials, what “space age” or advanced materials are important to our infrastructure and technology today? Mostly modern materials are improved versions of older materials, such as advanced ceramics, modern metallurgy, and treated wood, but there are some high-tech materials worth noting.

Composites include materials made of two or more substances that remain distinct in the final material. The idea is to combine materials with complementary properties, such as strength, flexibility, and hardness, to produce a final product with the best of each. For example, there are two general types of composite-reinforced plastics that have advanced properties—fiberglass and carbon fiber. Fiberglass can be easily shaped into a rigid frame and is used for things like boats. Carbon fiber has a high strength‑to‑weight ratio and is very rigid, so if you need these properties and price is no object, such as military aircraft, then carbon fiber is the way to go. Other advanced composites include shape memory polymer, high-strain composites, organic matrix/ceramic aggregate composites, and particulate wood composites.

There are an estimated 300,000 different materials used today, but we’re here to discuss the cutting-edge materials that currently exist, at least in some form, that are likely to be increasingly important in the future.

The goal of modern material science is to create material with a combination of extreme properties, such as material with high strength or rigidity for its mass (referred to as “specific” whatever—specific strength is strength for a given mass), as well as materials with optimal thermal, optical, and/or electrical properties.

Nanostructured Materials

It is safe to say that we have discovered all the stable elements that exist. The periodic table shows us where the empty spaces are, and they have all been filled in. Newly discovered elements are being added to the end of the table, but they all have an extremely high number of protons and are inherently unstable. There is some theorizing about “islands of stability” at some places at the high end of the table—configurations of neutrons and protons that fit together just so, leading to increased structural stability. But “stability” in this context is relative; these are still not elements we will be building stuff out of.

Chances are that there is no unobtainium, vibranium, adamantium, mithril, beskar, kryptonite, red matter, or other high-tech element out there to be discovered. These fictional materials, therefore, must be considered alloys or allotropes of known elements. If we want advanced materials with desirable physical properties, we will need to make them out of elements on the periodic table, which means creating new alloys (mixing different elements together), allotropes (different molecular configurations of an element, like diamond and graphite are to carbon), or composites (mixed materials that remain discrete). Alternatively, it could mean controlling the internal structure of a material.

The technology that alters the structure of a material to control its properties is thousands of years old. Ancient examples of this include heating clay to harden it, or heat-treating steel to control the crystal size, which affects strength and hardness.

The advanced version of this technology is collectively called “nanostructured material,” which involves controlling the structure of materials at the nanoscale, from 1 to 100 nanometers (a nanometer, nm, is one billionth of a meter). To put this into perspective using that universal example of thinness, a human hair is between 80,000 and 100,000 nm thick. So, very small.

“Nanostructured” refers to any material that is made of discrete parts on the nanoscale, or has nanofeatures either internally or on the surface. A nanoparticle is in the nanoscale in all three dimensions (no dimension bigger than 100 nm). A nanotube (hollow) or nanorod (solid) has two of three dimensions on the nanoscale. A nanosheet has one dimension on the nanoscale, and if one of the other two is very different from the third (much longer than it is wide), it is called a “nanoribbon.” Further, if a nanosheet is a single molecule thick, we might refer to this as a two-dimensional material (it’s not literally two-dimensional, but as close as matter can get).

Additionally, nanomaterials can be engineered, incidental, or naturally occurring. Mostly we will be talking about engineered nanostructured materials.

The most commonly discussed nanomaterial in recent years is carbon nanofibers. Carbon can form four strong bonds, and this allows it to form into many stable allotropes, one of which is a two-dimensional sheet of carbon in a hexagonal lattice (picture chicken wire). This allotrope is called “graphene” and is the thinnest two-dimensional material known. Graphene can be rolled up into carbon nanotubes or stacked to form carbon nanofibers. A football field–sized sheet of graphene would weigh only 3.8 grams.

In addition to being thin, graphene is an incredibly strong material, stronger than steel or Kevlar. It has a higher tensile strength (the amount of force necessary to stretch something until it breaks) than any known material—130 GPa (gigapascals). Graphene is harder than diamond, all while being more flexible than rubber.

Graphene also has high thermal and electrical conductivity. It conducts electricity ten times faster than silicon while using less energy. Electrons move through the material at 1/300 the speed of light. For this reason, it could be the basis of an entirely new electronics and computing technology. This could potentially allow for electronics that are smaller, faster, and use less electricity with more efficient cooling than today’s technology.

First isolated in 2004, graphene is obtained simply by sticking tape to graphite—a graphene layer will come off (graphite is essentially a stack of graphene layers). Current applications mostly include using carbon nanorods as part of composite material, to provide strength, stiffness, and light weight to things like tennis rackets. It is also used for heat dissipation in small electronic appliances like light bulbs. You can also 3D print with a graphene composite. These humble uses stand in contrast to the hype about its amazing potential.

The disconnect is due primarily to two factors. The first is that the research into graphene is still in the early stages. Much of this research focuses on doping—putting other elements into the basic graphene lattice in order to tweak its physical properties. Graphene, therefore, actually has the potential to be hundreds of specific materials, each fine-tuned for a specific application.

The main limiting factor for graphene is the ability to mass produce it with sufficient quality. Low-quality graphene, with lots of kinks and breaks, does not perform well. A small break, for example, could cause graphene to “unzip.” Try pulling apart an intact sheet of paper. You can’t do it. Then make a small tear and ripping the paper becomes very easy. The same is true of graphene.

Graphene is therefore another perfect example of the challenges of futurism. On the one hand, it has amazing properties that make it potentially a revolutionary material. Graphene might be for the twenty-first century what plastic was for the twentieth century, and more. On the other hand, if we cannot figure out how to get past the manufacturing hurdles, its ultimate utility might be significantly curtailed, limited to high-end applications but never mass production.

That said, it seems very likely that the graphene family of materials will have a prominent role to play in future technology, but the details are still a bit fuzzy. The critical factor will be the ability to mass produce types of graphene with very few errors. We should also keep our eye on other 2D materials, like boron hydride, which may eclipse graphene in some applications. Molybdenum disulfide is proving to be a promising light source, producing light when heated that is ten times brighter than the 3D version of the material.

Two-dimensional materials are not the only potential nanostructured materials of the future. Foam metals are another emerging technology. These are metal alloys that are engineered to have small spaces in their interior structure. The pores don’t have to be nanosized, but they can be and are then called “nanoporous foam metals.” These gas-filled pores can be connected or isolated. The result is a material that can be very stiff and strong, but much lighter than the solid metal. There is typically between 5 and 25 percent metal in the final volume. Having a high specific stiffness or specific strength is ideal for many applications, including just about any vehicle, from cars to commercial jets to rockets, as well as lightweight bulletproof armor.

The foam structure could also be insulating against radiation. This will be critical for the future of space travel, but blocking radiation is also useful to contain fission reactors or nuclear waste, or for shielding in medical uses of radiation such as X‑rays or radiation therapy.

Additionally, nanostructuring materials can be used to improve the properties of existing materials. This is a big area of research in battery technology—nanostructure the cathodes and anodes, for example, to improve battery characteristics. There is also research into nanopore batteries, using a nanopore foam substance with each pore containing a tiny battery.

Research into nanostructured materials is going in so many directions, it is impossible to know which materials specifically will turn out to be useful. In the aggregate, it seems clear that they will be important high-tech materials for the next century.

Metamaterials

Metamaterials are a form of engineered nanostructured materials that deserve their own explanation. The term “meta” means the material has properties that do not occur in nature. Their properties derive from their nanoscale structure, not from the chemical or physical properties of the elements they are made from.

Such materials include either surface or internal structure composed of nanoscale composite units that can be arranged geometrically to tune their physical properties. This gives an unprecedented level of control, even to the point of creating properties that are not reproduced in any natural material.

For example, a metamaterial may have a nanostructure with features smaller than the wavelengths of light with which they interact. This can allow for some bizarre physical properties, such as having a zero or negative refractive index of light. The refractive index refers to how much a transparent material, like glass, will bend or refract light. With a positive refractive index, light bends in the direction of propagation (like looking at a stick poking into water that appears to bend at the water surface). A negative refractive index means the light is bent in the opposite direction and can also result in reverse propagation of electromagnetic waves.

Since the refractive index is dependent on the geometric arrangement of the nanostructures, this property can be tuned as desired. It is not dependent on the material itself. What are the potential applications for these optical metamaterials? One is making tiny lenses for cameras, lenses that can magnify and zoom. While small cameras for things like cell phones have improved incredibly, mostly because of software upgrades, they do not have any optical zoom. This requires multiple lenses too large for a phone but could prove possible with smaller metamaterial lenses.

Optical metamaterials also allow instruments that can focus below the optical limit. Generally, you cannot image or focus on an object that is smaller than the wavelength of the light you are using. This is like pixels in a digital image—you cannot see details smaller than the pixels themselves. This resolution limit (technically the diffraction limit) has long been considered absolute, but metamaterials have essentially accomplished what was thought to be impossible. While the kinks are still being worked out, this technology appears to be on the cusp of transforming photography, sensors, displays, and microscopy.

Another application, known as “optical cloaking” and often hyped in the press as duplicating the effect of Harry Potter’s “invisibility cloak,” is the ability for optical metamaterials to become invisible to specific wavelengths of light. While this is not quite invisibility, it can have applications for high-tech camouflage.

Aside from visual applications, metamaterials can also have special electrical or magnetic properties. This could allow for a level of control over electromagnetism not normally possible, with implications for all sorts of electrical equipment. The precise implications are hard to predict, like trying to predict in 1800 electrical devices of the future. The broad brushstrokes are electronic devices that are smaller, more efficient, and more powerful. Metamaterials are redefining what is possible when it comes to controlling and manipulating all forms of electromagnetism.

Since we are still at the dawn of metamaterials, there are many paths down which this technology can go. There are experimental possibilities such as extreme energy absorption, or deflecting seismic waves, or even active metamaterials that adapt to their local conditions. Imagine a firefighter with a metamaterial uniform that allows them to stroll unscathed through a blazing inferno.

Smart Materials

Smart materials blur the line between material science and machine technology. The core property of a smart material is that it can change its form or properties based on external stimuli. Basic examples include piezoelectric materials, which generate electricity when a compression force is applied to them.

Shape memory materials can change their configuration, usually between two different states, under different environmental conditions, such as ambient heat. They have an original shape that can then change dramatically when a stimulus is applied, and then return to their original shape when the stimulus is removed. Or you might bend them with physical force, then return them to their original shape by applying heat. When cleverly designed, a flat-shaped memory material can unfold like origami into an elaborate three-dimensional shape.

Applications of this property might include the ability to ship three-dimensional objects in a flat and stackable form, then have them open into their final shape at their destination, without requiring assembly. The property can also be exploited in machines that need to react to changes in their environment, such as responding to a fire by releasing a fire-suppressant gas.

There are also materials that have what is called “pseudoelasticity” or “superelasticity.” These materials return to their original shape automatically, without the need to apply heat or another stimulus. This is more similar to simple elasticity, such as rubber. The difference is that materials that are not normally elastic, such as metals, are engineered at the nanoscale to display elasticity. Bend an aluminum rod and it will stay bent, but a smart alloy can return to its original shape. Such materials could have important biomedical applications—living things tend to be squishy and flexible, but medical implants are often hard and rigid. With superelastic
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