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The suit of Iron Man and I are one.

—Robert Downey Jr. as Tony Stark in Iron Man 2

Learning is the only thing the mind never exhausts, never fears, and never regrets.

—Leonardo da Vinci (1452–1519)
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Foreword

Some years ago, I was approached by Marvel Comics editor-in-chief Joe Quesada to write new adventures of an early Marvel property that was still in continuous publication but, as these old-time superheroes tend to get, needed a new coat of modern paint. Iron Man was one of those characters that Marvel was having trouble getting a hold of. No hook to hang him on to capture the new century’s light. I said to Joe, “He’s the test pilot for the future. That’s the whole thing. Flying away from himself, trying to bring the future on. Of all Stan Lee’s ideas of the early sixties, this is the one that can and should reinvent itself annually, to keep pace with the stormfront of the future.”

Of all pop culture’s heroes of the past 50 years, Tony Stark is the one corporate-owned character who is absolutely designed to face the future. His armor is a reflective surface in which we can consider our era’s own reaction to technological concerns. He began in a time when a weapons designer could still be a hero and when some people could still fantasize that the administering of savage beatings to Communists was the work of good men. At roughly the same time as Tony Stark was stomping through comics pages in his original tank-like armor, the U.S. military was testing the similarly massive and clunky Hardiman powered exoskeleton.

Today, Tony Stark is a bootstrapping “compassionate capitalist” attempting to bring free energy to the masses, and the Iron Man lives inside his bones as nine pints of colloidal technology. Even now we work, in the real world, on synthetic muscles, contact lenses with computer displays, cochlear implants, and fleets of nanoscale devices to sail our bloodstreams and keep us healthy. Tony Stark is the fictive ghost of our own cyborg tendencies, always a few years and at least one impossible idea ahead of us. Pop culture’s test pilot for the future.

This wonderful book lays out the schema for that notion in energetic, eclectic detail. Starting from the only true way to see the Iron Man—as a prosthesis—the author uses the science fiction of Iron Man in its most effective way, as a tool with which to examine the present and past. From the Nyctalope and battlefield prosthetics of the eighteenth century to cutting-edge cortical implantation, the Iron Man is used as I and so many other writers in the world of comics and film have used it: as a metaphor. We simply hoped the use of the metaphor would intrigue and illuminate. The author achieves both effortlessly and has written a book that educates and delights. I hope you enjoy it as much as I did.

Warren Ellis
Southend, England


               Preface

                      THE STARK REALITY OF ROBOTICS

Where is the line drawn? Between man and machine? Where does her humanity end?

—Reflections on Tony Stark’s assistant Pepper Potts using the Iron Man armor, World’s Most Wanted #1, “Shipbreaking” (Invincible Iron Man #8, 2009)

I didn’t realize at the time—that a shell of iron—is hollow.

—Tony Stark on his childhood, “Dust to Dust” (Iron Man #286, 1992)

Smashing through walls, flying through the air like a human jet, and controlling an amazingly complicated robotic suit of armor seemingly by mere thought. Oh, and being practically indestructible. These are things associated with the Marvel Comics character Iron Man. The full title description for his comic book is actually “The Invincible Iron Man,” which is kind of a giveaway about the powers he is supposed to possess. Being invincible is a pretty tall order, though. Basically Iron Man is a really, really smart guy (OK—I give in, he is a genius) in a super high-tech suit of armor. It seems pretty clear that we humans have been able to develop some extraordinary technology. We certainly have the ability to control powerful machines and fly through the air (and beyond) with rockets and jets. We also have some pretty fancy armored suits for protection in outer space and in the deep dark reaches of inner space, the sea. But the ability to really put them all together at once is the key to having a real Iron Man. The central focus of this book is exploring just that issue. Is it possible to have seamless biological control of an armored robotic suit? And, if it is possible, what does it really mean for how our bodies function and for our future as human beings?

One day I was speaking with my daughters (then ages 6 and 9) about the focus of this book. I told them I was going to explore the background of the possibility of Iron Man. Since they didn’t yet know about Marvel’s character of Iron Man, I showed them some images in an Invincible Iron Man comic book from the 1970s. Their basic response was this: “He wears a big suit. I wouldn’t want to be him; it looks too hot.” I told them that the suit is “air-conditioned.” While that answer satisfied my kids that day and may deal with the real but superficial problem of overheating both human and machine, it does not address at all the totally unsuperficial problem of how that big suit could actually be controlled by the human inside it. Exploring this problem and all the related problems that spring from it is the real focus of Inventing Iron Man: The Possibility of a Human Machine.

In many ways, this book carries on from my previous one, Becoming Batman: The Possibility of a Superhero. That book was about examining the reality behind whether the self-made man Bruce Wayne could become the ultimately sculpted Batman through physical training. This book is about the self-invented man Tony Stark becoming Iron Man through the application of robotics. However, as we shall learn, a lot of training and adaptations are needed to actually master that iron suit. The iconic characters I have studied have several things in common. Batman is also a superhero lacking in actual superpowers. He first appeared in Detective Comics; the first appearance of Iron Man wasn’t in his own comic book either. Instead, his first story was in Tales of Suspense #39 from March 1963. As with so many Marvel characters, this story was the brainchild of creative genius and writer Stan Lee with synthetic contributions from scripter Larry Lieber and artists Don Heck and Jack Kirby. Just to make sure readers could not fail to note how powerful Iron Man was supposed to be, the cover of Tales of Suspense #39 actually says “Who? or what, is the newest, most breath-taking, most sensational super-hero of all …? Iron Man! He lives! He walks! He conquers!” In our journey examining the possibility of Iron Man, we will talk about the living and the walking parts. I am a bit opposed to gratuitous conquering so we won’t really get into that bit. In homage to the true comic book writing style, I will emphasize that by throwing down an exclamation point!

Iron Man is the character that emerges when millionaire industrialist Tony Stark (for those not in the know, his actual full name is Anthony Edward Stark) puts on a mechanized suit of armor that he custom designed and built. The basic origin story for Iron Man—like all comic characters—has been revised, revisited, and re-created over the years. The key part that has been maintained in all alternate origins is that Tony the industrialist gets captured and kidnapped by bad guys. They know (as does the whole world because Tony Stark really is a genius and brilliant inventor and head of a huge international conglomerate) that he can build all kinds of devices.

The actual story title for Iron Man’s introduction in 1963 was “Iron Man Is Born!” and in this tale the military industrialist Tony Stark has been designing and selling weapons to the U.S. government for use against the communist guerillas in South Vietnam. While on a “site visit” to the jungles of Vietnam to see his technology in action, Tony trips a booby trap bomb. Shrapnel from this bomb gets lodged in his chest very near to his heart. In order to get help and a surgery to save his life, Tony agrees to help create a new weapon for Wong-Chu, who is the main communist terror warlord. However, he plans to trick and double-cross the villain with the help of another kidnapped scientist, physicist Professor Yinsen. The two men build a chest plate that creates a magnetic field which then acts to hold the shrapnel in a kind of stasis. This was really nicely shown in the 2008 Marvel Studios’ film Iron Man. If you recall the scene in the desert cave in which Tony, played by Robert Downey Jr., wakes up to find a 12-volt car battery connected to terminals coming out of his chest, you get the idea. Well, from this chest plate Tony and Yinsen develop a full-body and fully articulated mechanized suit of armor. This is the double-cross part, by the way, and gives birth to Iron Man as a super hero to fight crime.

At this juncture, Tony Stark moves away from being the capitalist solely concerned with profit from making munitions to becoming the iron-garbed superhero and founding member of the Avengers—Iron Man. A key implication from this origin tale is that Tony Stark must always wear the chest plate to keep the shrapnel from moving into his heart and killing him. This was shown in a panel in Tales of Suspense #40 from 1963 in a story entitled “Iron Man vs. Gargantus.” Tony is mulling over how sad he feels that he couldn’t go swimming with a girlfriend (Jeanne), “She probably thought I was trying to avoid her, but I couldn’t go swimming! I can never appear anywhere bare-chested because I constantly wear this iron chest plate. Just as other men plug in their electric shavers for their morning or evening shave, I must constantly charge up this plate which gives continued life to my heart!” When he finally plugs his chest plate into the outlet meant for the shaving razor, he exclaims “Ah! Electrical energy is pouring back! Now I can continue living … to help humanity as Iron Man!”

I am going to admit right up front that Iron Man plays a bit fast and loose with valid concepts of physics and energetics. All right, all right, those of you “in the know” realize that is really an understatement. I spoke to my colleague Jim Kakalios, the friendly neighborhood physics professor and author of The Physics of Superheroes (you should read this book—it is great) about this very issue. He pointed out that “energy storage in batteries has dramatically lagged behind information storage. If batteries had followed the Moore’s Law that describes the increase in density of transistors on integrated circuits, with a doubling in capacity every two years, then a battery that would discharge in one hour in 1970 would last for over a century today. Ultimately, if we don’t want to wear licensed nuclear power packs on our backs, we are limited to chemical processes to run our suit of high-tech armor, and in that case we must either sacrifice weight or lifetime.” And on this point I concur with him completely. The energetic needs of Iron Man outstrip what we can provide currently. We cannot really power up to use repulsor rays and so on. However, what we are going to explore is just how much of the Iron Man character is based on a realistic extension of concepts in neuroscience, robotics, biomedical engineering, and kinesiology that we have today.

But, while it might seem perfectly realistic to you that suits of armor could be powered and worn rather like clothes, you likely haven’t thought much about the real science behind creating ways for biological creatures like human beings to connect with artificial creations like bionic limbs. In the comic books, imagining this very thing was how Stan Lee and others created a superhero, albeit one quite different from the granddaddy of superheroes, Superman. Iron Man is a mere human being. As highlighted by Andy Mangels in his book Iron Man: Beneath the Armor, famous Iron Man writer David Michelinie has said that Iron Man is “a super hero with no superpowers. Any abilities he has are abilities that he makes, that he imagines and then invents. Prime among those, of course is his amazing suit of electronic armor. Without the armor, he’s just a man. A man with a huge brain and a few billion dollars, but still just a human being … That makes him a lot more interesting than many heroes, as well as making him easier for the average reader to identify with. He could be you or me, if we had the money and inventiveness. And the courage. And the willpower.”

Inventing Iron Man is divided into three parts related to different aspects of how humans can interface with technology. In Part I we start “skin deep” and then explore areas under the skin such as muscles and nerves. We also look at what might go on top of the skin in examining the concept of controllable suits of supporting armor by using Iron Man as a primary example and other attempts at creating prosthetic extensions of the human body as secondary examples. This exploration also includes discussing the way in which the body works normally so we can better appreciate the effect of layering technology over top of our biological machines. We also consider this from the perspective of something that you wear (or drive!) to survey the reality about what is needed to make connections between biological beings and machines. It really is largely all in our heads—which is to say our brains. We will talk about the possibility of controlling things like a computer or a robotic arm by measuring electrical activity in the brain and spinal cord. This is the area of neuroscience known as “brain-computer interface”—the literal connection between activity in the nervous system and actual machines.

Part II describes the long-term effects of interfacing with the kind of technology in the Iron Man suit. Our bodies adapt to the stresses that they experience, and interfacing with technology is a biological problem of stress adaptation. This kind of interface removes some stresses that are normally present in the body but also adds a few new ones. What are the limits within which our bodies can borrow, blend, and become one with artificial technology and, perhaps more importantly, how does this alter the body itself?

Part III looks at the good and the bad about Tony Stark the man and what he brings to the suit. Tony wrestles with demons—in a bottle and otherwise. But his drive and creativity allow him to constantly reinvent himself and his suit to changing circumstances. In this way, he has a kinship to creative geniuses the likes of Leonardo da Vinci and modern-day inventors such as Yoshiyuki Sankai and Yves Rossy. If you don’t know who these men are, you will by the time you have finished the book! The chapter also tackles the issue of what kinds of problems you might experience as an iron-suited superhero. What are some of the practical aspects of being Iron Man?

Inventing Iron Man explains the science behind and limitations of the extent to which human beings can control and interface with computers, machines, and robots. Because Iron Man is a normal human being inside a high-tech suit of armor, it is always assumed that anybody, well practically anybody, could just slap on the gear and be ready to go. This is not so, as you will read in this book. A lot of specialized learning and adaptations in the body of the Iron Man armor “user” would be needed. Just exactly what those adaptations are (and they aren’t all good) you will find out later. For those of you who aren’t that familiar with Iron Man, you will learn here a bit about a Marvel Comics icon and the science behind linking humans to machines. For those readers very familiar with Tony Stark and Iron Man, well, I have a few surprises ahead for you. To find out exactly what I mean, please keep on turning the pages and read along as together we probe the possibility of inventing Iron Man—the possibility of a human machine.

I remain inspired by my two main scientific mentors, Digby Sale at McMaster University and Richard Stein at the University of Alberta. They both kindled my interest in neuroscience, and I thank them for lighting and fanning that spark into a flame. I must also point out the accidental inspiration provided by Dan Ferris of the University of Michigan who, I think, planted a seed by showing Iron Man images in a conference talk on robotic exoskeletons given at Key Biscayne, Florida some years ago.

I conducted many interviews during the writing of this book, and I am indebted to those who agreed to speak and correspond with me. Yves (the “Jet Man”) Rossy, Yoshiyuki Sankai and Fumi Takeuchi of Cyberdyne Inc., Phil Nuytten of Nuytco, Jon Wolpaw at Wadsworth Center, Doug Weber at the University of Pittsburgh, Max Donelan at Simon Fraser University, David Williams (formerly of the Canadian Space Agency, now of McMaster University), and David Wolf and Robert Frost of the National Aeronautics and Space Agency all corresponded with me at various times. I thank them very much for their time.

I remain impressed by the level of professionalism and competence at the Johns Hopkins University Press. I thank Vince Burke for his help throughout the entire process of proposal to publication, Michele T. Callaghan for her truly outstanding skills as copy editor, and Kathy Alexander for her tireless and effective work as publicist.

I also thank all the readers of my first book, Becoming Batman: The Possibility of a Superhero, who have so kindly provided feedback on how they enjoyed it. You helped sustain me in writing this book.

Last, thank you to Jordan, Andi, and Lori for helping to keep me grounded.


PART I IT’S MORE THAN SKIN DEEP

                 Tony learns to live inside a suit of iron


CHAPTER ONE Origins of the Iron Knight

BIONICS, ROBOTIC ARMOR, AND ANTHROPOMORPHIC SUITS

I thought, well, if a guy had a suit of armor, but it was a modern suit of armor—not like years ago in the days of King Arthur—and what if that suit of armor made him as strong as any Super Hero? I wasn’t thinking robot at all: I was thinking of armor, a man wearing twentieth-century armor that would give him great power.

—Comic book icon Stan Lee on his inspiration for creating Iron Man, in Iron Man: Beneath the Armor by Andy Mangels

Iron Man is one of those comics where you have very few purists who have attached themselves to particular story lines. In the case of Iron Man it’s the myth of Iron Man … it’s the suit … it’s what the suit could do.

—Jon Favreau, director of the 2008 movie Iron Man

The prototypical British heavy metal band Black Sabbath rang in 1970 with Tony Iommi’s immortal guitar riff (heavily distorted courtesy of Laney amps) and words (heavily distorted courtesy of Ozzy Osbourne’s vocal cords and, um, distinct manner of speech), forever giving us the phrase “I … am … Iron Man.” That musical Iron Man was cast as a villain who has a vision of a future apocalypse. But who is Iron Man the comic book icon? Let’s be honest: first impressions are often mostly visual. And at first glance, the defining visual characteristic of Iron Man is his iron armor. The main attraction and defining characteristic for Iron Man really is skin deep. The Marvel Comics character Iron Man certainly represents the most well-known comic character to wear a suit of armor like it is his own skin. Colossus from the Uncanny X-Men also has an iron skin, except in his case it is literal in that his skin actually changes into iron! John Henry Irons from DC Comics also has an iron body, with capabilities that rival Superman. And even Batman once used an oversized exoskeleton to help defeat Superman in Frank Miller’s The Dark Knight Returns. Yet none of these well-known and lesser known heroes is the combination pilot, soldier, police officer, deep-sea diver, and flying human that Tony Stark is.

Many buzzwords could be used to describe the themes we are going to explore in this book, including “bionics” and “cybernetics.” But these themes center on two main concepts: what type of person it would take to be an inventor and what kind of inventions would be needed to make a sustainable Iron Man. To look at these topics, we will explore the one great evolutionary “invention” we all possess: the human body, especially its muscles and its nervous system including the brain. We will also consider other more tangible inventions—past, present, and future—in our quest to understand whether Iron Man could really have been invented and, if so, what that invention would do to the human inside.

The merger of biology, modern technology, and concepts of engineering is captured by the term “bionics.” (The term also captures fond memories of a childhood spent watching Lee Majors as Steve Austin in The Six Million Dollar Man. I never understood why the weight of a motor as it was lifted didn’t rip his bionic arm right off that human body. I still don’t. But it’s cool nonetheless.) The term “cybernetics” has also been used related to this kind of research, suggesting the control systems involved in combining artificial intelligence and machine-biological interfaces. The concept of “cyborg” is also relevant here. Cyborgs show up in all kinds of pop-culture references from the Terminator of the Govinator to the Cybermen of Dr. Who. The Terminator had a metal skeleton covered with imitation human flesh. The Cybermen go to real extremes of biological and machine connection and a little human biology—including an artificial nervous system—within a robotic shell of iron. Unlike our hero, the Cybermen emerged from a humanoid species on a twin planet to Earth. Those humanoids began implanting technology and artificial parts into themselves until they became full-on cyborgs and almost robots. We won’t take it that far, with Iron Man, but we will take some tentative steps in that direction!

The first of many inventors we look at in this book is the man who came up with the concept of man-machine combination in the form of a cyborg. Jean de la Hire (1878–1956), an early twentieth-century French novelist, wrote a series of adventures involving a hero named Léo Saint-Clair. Léo is a man-machine hybrid whose cyborg name is Nyctalope. He possesses some artificial organs and supernatural mental powers. Nyctalope represents the first superhero written about in popular culture, preceding the great-grandfathers of comic book superheroes, such as Superman (1938), Batman (1939), and Captain America (1941). His first adventure was published in 1911 and his origin story was described in “L’Assassinat du Nyctalope”—“The Assassination of the Nyctalope”—published in 1933 and recently translated by Brian Stableford and reissued. (In true comic book style, though, Saint-Clair wasn’t actually assassinated and did survive.)

Like Tony Stark, Nyctalope had an artificial heart. Or at least a heart with artificial support. But he didn’t come close to Tony Stark in the complexity of his cyborg machinery. For much of this book, we will explore that machinery—the ever-changing types of armor and the men (and women) who wore them. Before we look at some representations of that armor, let’s examine what major functions it performs. Iron Man’s famous costume is an amalgam of an assistive device and protective armor. When we think about the kinesiology and neuroscience behind what is realistic about Iron Man, we need to be aware of both facets of the metal suit. The assistive device part is, just as it sounds, technology that assists a person in performing basic functions such as moving, lifting things, or, for the most part still fancifully, flying around. The protective function of this type of armor is much more obvious: it shields Tony Stark—and in later comics his friends and enemies—from weapons and other dangers.

In addition to these ways in which the armor assists Tony and protects him from external threats, we need to remember that the armor also provides basic support. In essence, we want to combine the idea of medieval armor with the biological body (figure 1.1) shown in the painting by Dutch anatomist Bernhard Siegfried Albinus (1697–1770). Is it really as simple as shown in this figure? Does armor plus body equal Iron Man? Certainly it would produce a man in iron. But that isn’t really what Iron Man is all about. The inner workings and seamless connection between the suit and the body are key.

[image: Image]

Figure 1.1. Iron Man armor seems to combine a classical view of the anatomy of the human body with the protection and support of medieval armor. Left, courtesy Pearson Scott Foresman; right, courtesy Historical Medical Books at the Claude Moore Health Sciences Library, University of Virginia.

Dozens and dozens of armors have been used since the character’s debut in 1963. These include highly specialized armors like the “Hulkbuster,” which was, not that the name is any giveaway, extra-beefed-up armor designed specifically to fight the Hulk. I have chosen four types of armor to highlight (figure 1.2): first, the Iron Man armor in original gray (and its gold successor); second, the classic red and gold and one special type of the red and gold, the NTU-150; and third, Extremis. The fourth is the Iron Monger armor created by Tony’s business antithesis and former partner Obidiah Stane and worn by Stane and other villains. While not technically Iron Man armor, the Iron Monger is based upon the original Iron Man suit design and has been an integral part of the Iron Man mythology. It shows clearly the idea of the human inside the suit. As we will see later, Stane’s armor is closest to a suit that could actually be made with current technology.

[image: Image]

Figure 1.2. Tony’s costume has changed significantly over the years. Shown are original gray (A), classic red and gold (B), Extremis (C), and Iron Monger armor (D).

Original Gray Armor

The original gray armor made its first appearance with Iron Man’s debut in Tales of Suspense #39 in 1963. On the cover of that comic (figure 1.3), there are a couple of important things to note. The first is the text that goes with the images: “Iron Man! He lives! He walks! He conquers!” Note the copious use of exclamation points! But more to the point, simply having the ability to walk is considered extraordinary. At his debut, just being able to move around in armor—so, no mention of flying at this time—was seen as something worthy of comment. The second thing to notice is Iron Man’s posture. He is a bit hunched over, with his body canted forward and to the side and with his arms and legs splayed open. This is beautiful Jack Kirby art, but it is not really a stereotypically “robotic” or mechanical posture. Instead, this is an animalistic posture of something or someone crouching or otherwise preparing to move. The last thing to look at is the series of three panels shown at the left where someone (Tony Stark, as we learn in the story) has some kind of iron suit that can be taken apart and put on and off with ease. The concept of a modular suit is front and center with this panel. Remember these important things, because, as will unfold throughout the book, much of what was shown back in 1963 with Iron Man’s debut in the gray armor comes closest to what is really available now, almost 50 years on.

By the way, the original gray armor didn’t last long. At least not in that color. It was only around for one and a half comics. Halfway through Tales of Suspense #40, in a story entitled “Iron Man vs. Gargantus,” Tony Stark turns the gray armor yellow (or golden) with some kind of metal-plating technique, and the Golden Avenger armor was born. Why the change, you may well ask? Was it strategic, or somehow related to camouflage or offensive effectiveness? No. It was used to play off of Tony Stark’s persona as a flamboyant ladies’ man. Just after being saved by Iron Man, one of Tony’s girlfriends (Marion) asks why he wears “such a terrifying looking costume? He actually frightens people! He battles menaces like a hero in olden times! So, if he’s a modern knight in shining armor, why doesn’t he wear golden metal instead of that awful, dull gray armor?” And that was pretty much that. All that glitters is gold, I guess. (Yes, I also like Led Zeppelin.)

[image: Image]

Figure 1.3. The first time Iron Man armor appeared in the comics was in Tales of Suspense #39 from March 1963. Notice how even at this time the armor is depicted as something that could easily be put on and taken off like clothing. Copyright Marvel Comics.

Classic Red and Gold Armor

The original armor was used until a December 1963 story called “The New Iron Man Battles … the Mysterious Mr. Doll!” (Tales of Suspense #48, 1963), which was the debut of the “classic” red and gold armor. Since the gray armor debuted in April 1963, clearly a lot of progress happened in the evolution of Iron Man in just one calendar year. This newer armor contained many of the elements that have remained with Iron Man. At least so far. A key part of the development of the new armor was that it was more lightweight and efficient. Tony is shown contemplating “how vulnerable Iron Man is! I seem to need recharging more and more often!” and “It’s this iron suit of mine! It’s too heavy! Saps too much of my energy merely to support the weight!” He also commented upon how all of this had such a straining effect on his weakened heart. Faced with either giving up “the role of Iron Man—forever …!!” or designing “a new Iron Man costume … one which will be lighter in weight … less bulky,” Tony goes with the latter. In fact one caption from this story clearly says “and so the brilliant Anthony Stark works—works—as few men have ever worked before!” His work produces the new armor.

At this stage the armor is still quite modular. The Iron Man suit can be laid out on a table (or carried by Tony in a slightly oversized briefcase, as was often portrayed) and easily put on piece by interlocking piece. An important thing to think about here, since it bears on much of what we will discuss later, is how thin and compact this armor is. Tony even points this out when he describes the torso section as “wafer-thin.” Of particular significance is the headgear, which is a thin, form-fitting face shield. (We will return to the face shield in a discussion of the trials and tribulations of Tony in chapter 7.)

One thing that is never fully explained is how the motors to control movement actually work. It appears to be a much more “passive” kind of armor system but is described as a magnetized, motorized, and transistorized suit. In any event, this basic concept of Iron Man as a suit or a “costume” has persisted throughout the character’s history, including the recent big-screen incarnations of Iron Man. Two images from a line of action figures sold in conjunction with the 2008 Iron Man movie are shown in figure 1.4. At the left Iron Man in full gear, while at the right the helmet portion is raised and the armor has been removed from the arms and chest. These images (and the figures that were used to make them) closely correspond to how Iron Man armor is depicted in the comics and movies. That is, a thin shielding that is worn very close fitting and that roughly maintains the body shape underneath. So, it is anthropomorphic armor. (We’ll see later how far away from current reality this “classic” red and gold armor is.) In contrast, the original gray armor and the Iron Monger armor are bulky and only loosely represent the shape of the human body. But they are closer to what we actually have for armored exoskeletons right now.

[image: Image]

Figure 1.4. Action figure showing how thin the armor was in the Marvel Studios 2008 movie Iron Man. This can be seen by the circles and arrows on his figure, particularly on the face plate. It can also be seen looking at Tony Stark’s bare arm. This type of armor would allow for limited cushioning of the hard impacts that Iron Man is likely to sustain.

Telepresence Armor

The telepresence armor—actually the “Neuromimetic Telepresence Unit,” or “NTU-150”—represents a unique type of suit for Tony. Many of the different armors were modified for certain uses, like doing battle against certain foes (or sometimes friends). Examples include the Thorbuster or particular armors for use in space or in the deep sea. But, the telepresence armor was a totally new type of armor technology. It no longer just protected Tony’s heart and kept him alive; it also allowed him to control the iron machinery with his mind.

There are a number of versions of telepresence armor. The basic premise, though, is that it was created out of need when Tony was injured and unable to don the real Iron Man armor. Instead he devised what was essentially a remote control armor system. This was fully shown for the first time in “This Year’s Model” (Iron Man #290, 1993). The background to the creation of this armor can be found in “Technical Difficulties” (Iron Man #280, 1992). In this story, Tony recounts that he built the first Iron Man suit “in order to survive a damaged heart … but now … the nerve degeneration … techno-organic parasite … is eating away at my body like an artificial cancer.” The upshot is that his nervous system is degenerating. He creates a “neuro-web life support system” to help make up for the deficits in his failing body. (I just want to let you know that I attend the Society for Neuroscience annual research meeting—the largest gathering of neuroscientists in the world—pretty much every year and I have unfortunately never come across such a system. It sounds amazing.) But this invention is not enough. As we read later in Iron Man #290, this “neuro-web” works as an “artificial nervous system designed to maintain the most complex machine yet conceived by nature—a human body.” Tony undergoes some fantastic procedures and when he is in the recovery room he is told “whether you’ll ever recover even partial mobility—it’s too early to say … if your system does recover, it won’t be easy. You’ll have to relearn even the most basic functions from scratch.”

OK. So Tony is in a dire scenario. What he does next is the kind of wonderfully delicious understatement that makes comic books so awesome to read. He decides to create a brain interface that will allow him to remotely control a suit of armor. Thus is born the “telepresence unit.” And, in wonderful comic book hero tradition, Tony is shown lying in bed and saying, “All I’ve got is the power of my intellect. Fine. That’s all the power I need.” (Please cue the Black Sabbath “Iron Man” power chords right here.) He gets a tech from Stark Industries to “kludge together the neural interface computer aided design and manufacture [the] teleoperator’s rig” that he needs to create the suit. (How awesome is it that he had to create an interface that vastly outstrips the technology we have currently in order to build and control a robotic suit of armor that even more vastly outstrips our current technology? We will look more closely at this brain-machine interface in chapter 3.) After Tony gets this technology squared away and gets jacked in—plugged in like a telephone into a jack in the wall—he creates the telepresence armor. Once he begins using it, Tony comments that his new tweaks have really improved the experience and that “subspace link eliminates transmission lag time. Neuromimetic system makes it feel like I’m actually there … That same system insures that mortal damage to the remote will result in fatal neural feedback.” This newest iteration of the telepresence armor allows Tony to remotely control, in a kind of virtual environment, a fully functioning Iron Man robotic suit.

The idea of a human interacting with a virtual environment was also the central theme in some recent movies. In the 2009 Surrogates starring Bruce Willis, the basic theme is that remotely controlled robots are used as “surrogate people.” Eventually some users die when the robotic units they control are “killed.” I love one scene early on in the movie when a detective asks the police chief: “Sir, how is that even possible?” I bet you can guess the reply: “We don’t know.” Exactly. Anyway, the actions of the Iron Man suit were controlled by the brain activity of Tony Stark. Echoes of this story are also found in the 2009 blockbuster Avatar. The interface between the controllers and the Avatars is essentially a kind of biology-to-biology telepresence control and is very similar to an extreme extension of brain interface. The movie also shows the interesting biology-to-biology interface of Na’vi and the Pandoran wildlife. (The real fun part of Avatar is that we don’t yet have the technology for the mobile ride-inside exoskeletal robots that the military uses in that film.)

When I reread the stories about the telepresence armor in Iron Man #280–290 while researching this book, I was stunned by how closely they parallel the basic workings and operational theory of current brain-machine interfaces, although most of the real ones are one-directional. That is, they send commands to control a device but cannot necessarily receive commands from that device. Iron Man’s NTU-150, in contrast, was bidirectional and included information that couldn’t normally be picked up by human sensory organs.

The Interior Extremes of the Extremis Armor

With a bit of foreshadowing, let’s say for now that the Extremis armor comes the closest to what would be needed for the whole Iron Man concept to work with a real biological human body. By the end of this book, I hope to have convinced you of that. This concept is also the furthest away from reality of any of the armors developed so far. The Extremis armor that writer Warren Ellis created is a complete departure from everything that came before it. Not in terms of how it looks (see figure 1.2 and compare the panel C showing Extremis armor with panel B showing the classic red and gold armor), but in terms of how it interfaces with the user. We will talk in chapter 6 and elsewhere about the concept in perceptual neuroscience of “embodiment.” However Extremis takes a literal approach to embodiment, becoming part of the user’s body and allowing direct connection with the nervous system. The Extremis concept debuted with art by Adi Granov in the Invincible Iron Man story arc from 2005 and 2006 called simply “Extremis” and told in six parts. The origin story for Iron Man was updated for this series (Tony was now injured in the Gulf War rather than in Vietnam) and was collected in the 2007 graphic novel of the same name.

In this story, the basic idea behind Extremis lies in the work of Maya Hansen, a former girlfriend of Tony Stark and a scientist who tried to create a serum (described as a “powerful techno-organic virus-like compound” by Iron Man chronicler Andy Mangels) for a new supersoldier that became “Extremis.” A terrorist group steals this serum (actually, Maya gives it to them—long story). Eventually Iron Man fights Mallen, the leader of this group, who has been amplified by Extremis. Tony suffers debilitating injuries in this exchange and has to get Maya out of prison so she can help him undergo “extremis,” or a modification of his genetic expression (“rewriting the DNA”). In Tony’s case, the procedure creates a kind of amplified neural network that allows him to interface completely with his armor to directly jack in and control satellites and remote computers.

The gist of this story line is that Tony and the Iron Man armor are now biologically integrated. He is in fact a cyborg. But a cyborg who can effectively turn himself on or off. With Extremis, Tony Stark has the neural interface for his armor with him at all times. It sits as a layer of electronics just under his skin and in his bones. Extremis is fascinating scifion the very fringe of scientific fact.

Extremis represented a fundamental shift in how Iron Man was portrayed and really created a significant evolution for the character. Iron Man editor Tom Brevoort is quoted by Mangels as saying that, prior to Extremis, “Iron Man was a guy who had no powers and put on a suit, and when he was done, Iron Man was a guy that absolutely had some measure of powers outside of the armor, because the technology has become so integrated into him.” The questions central to our work here are, How much of these concepts are realizable? And if they are realizable—however incrementally—what does it mean for the human inside (or part of) the Iron Man suit of armor? To answer these questions means understanding a bit more about the characteristics of the human body, how it works, and what it means for the human body to be interfaced with technology. Next stop, on to looking at the basic biology of Tony Stark … and you!


CHAPTER TWO Building the Body with Biology

WHEN THE MAN OF METAL NEEDS TO MUSCLE IN

My transistors will operate the machine electronically—move countless gears and control-levers—the iron frame must duplicate virtually every action of the human body.

—Tony Stark to Professor Yinsen, from “Why Must There Be an Iron Man?” (Invincible Iron Man #47, 1972)

In motions honed to high efficiency by years of repetition, microcircuited metal mesh armor is slipped on, snapped into place and polarized to a hardness that rivals titanium steel, and once more a master inventor calls forth his greatest creation—Iron Man!

—“Dreadnight of the Dreadnought!” (Invincible Iron Man #129, 1979)

Iron Man in action—even just walking across a room—would turn heads in London’s Piccadilly Circus, New York City’s Times Square, or Tokyo’s Shinjuku train station. However, Iron Man wouldn’t be nearly so impressive if he could only stand stock still like a statue. Biological movement is based on the actions of muscles and, in vertebrates like us humans, those muscles are layered on top of our bony skeletons but underneath our skin. For Iron Man, the link between muscle activity and motorized actions of his mechanical exoskeleton has to be almost symbiotic.

Normally, when Anthony Edward Stark wants to make a movement, a chain of commands begins in his brain and finishes with the contraction of his muscles and the actions of his body. For example, think back to that excited reach you made to pull this book off the shelf and then carry it, full of hope, to the checkout line. (Or, for those of you so inclined, the motions you made to click on a computer to order it online. That’s cool, too.) When you decide to make a movement like lifting up your left hand, a series of commands are relayed from neurons in your brain, down to those in your spinal cord, and then out from the spinal cord to the muscles themselves to make them contract. That chain of command is an inherent part of Tony Stark’s and your nervous systems.

Muscles sit quietly inside our bodies, leaping into action only when we need them to do something. And, honestly, we need them to do something pretty much all the time. We humans have an awful lot of muscle in our bodies and they make up a whopping 40% of our total body weight. So, Tony Stark, whom Marvel Comics lists at about 6′1″ in height and about 100 kilograms (225 pounds), is packing about 40 kilograms (90 pounds) of muscle! You—and Tony—have three kinds of muscle in your body: smooth (like that found in your gut), cardiac (found in your heart only), and skeletal (found in the muscles that move your skeleton).

Skeletal muscle is probably the type you think of right away when someone shouts “muscle.” Your body has 639 skeletal muscles ready and willing to act during deliberate voluntary actions, during automatic activities like walking, and during reflex corrections to movements. The focus in this chapter is on how Tony Stark would use these muscles to help him control a fancy robotic suit of armor and on the chemical reactions that make these movements possible.

First, let’s look at some of the major muscles that are important for moving our arms and legs and giving us stability. In figure 2.1, panel A shows muscles on the front of the body and panel B shows muscles in the back. All 600-plus of these muscles will need to be protected and enhanced with the Iron Man suit. Of great importance is figuring out how realistic it might be for Tony Stark’s nervous system to be linked to the muscles that move his body and to the suit that surrounds it.
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Figure 2.1. Some muscles on the front (A) and back (B) of the human body. Images from Gray’s Anatomy modified by Mikael Häggström.

In such a suit the connection between brain and armor would need to be so good that the brain could actually control an instrumented robotic suit of armor, as if that suit of armor were a human body. In effect, Tony would have to create an anthropomorphic suit. That’s the same “anthro-” as in anthropology and means relating to things human. So, it must be a suit that is meant to look and act like a human. Such a degree of connection wasn’t needed in the first versions of Iron Man armor or even in the Iron Monger armor. For the level of interface between man and machine shown in recent comics, though, that type of suit would be needed.

To set up our exploration of this interface, we first look at how your own body is controlled. How does the nervous system work to produce movements? What kinds of signals are used and how does it all work together? The “motors” of your body are your muscles. In neuroscience the term “motor control” is used to describe how the brain controls movement. But real motors aren’t usually part of movement. Could muscle control be used to mimic the control of motors in a real machine? To answer these questions, let’s review the basics of biological activity and of the anatomy and physiology of the human body. This review will help us when we look at the topics of controlling robots, robotic exoskeletons, and similar inventions.

Muscles Alive! They Twitch! They Contract! They … um … Make Heat?

Let’s compare the overall structure and function of the limbs in our bodies to those of a robotic exoskeleton. The basic biological principle is that the bones of our skeletons support our bodies, the muscles move our bones, and our brains command our muscles. The sum of all the muscle activity and bone movement is the movement of our whole bodies. In the case of a robotic suit of armor, the new skeleton is on the outside and the “muscles,” in the form of motors or actuators, are on the outside of the new skeleton. So, we are dealing with two sets of supporting skeletons and two sets of muscles. For this whole enterprise to work, there has to be a link between these two sets. How that could possibly occur can best be understood by thinking through how the human nervous system functions. The cells of your nerves and muscles are what is known as “excitable tissue.” This refers to electrical excitability. Storing electrical activity of your cells is similar to the way a battery functions, except the “discharge” of your neurons powers information transfer instead of a flashlight or a Nintendo DS game. Which is pretty cool, in my estimation.

Nervous about Neurons

Neurons are excitable cells that generate and carry electrical signals. (Don’t worry. You will get a look at a neuron from the motor system in figure 2.3 later in the chapter.) The electrical signals result from an unbalanced concentration of ions on either side of the nerve cell membrane. Quite a lot is accomplished with just three household-sounding ions: potassium (K+), sodium (Na+), and chloride (Cl−). By the way, bananas, sweet potatoes, and halibut are all excellent sources of dietary potassium intake. You probably get most of your sodium and chloride in the form of table salt, NaCl. Other trace sources of chloride are olives, tomatoes, and celery, and sodium can be found in barley and beets. In addition to these three main players, you also have some special other ions inside your cells. Actually, these ions are found inside and outside of your neurons, but a dominant concentration is maintained in your cells by cellular pumps.

The cellular pump (or exchanger) is usually referred to by its biochemical name, Na-K ATPase. This cellular pump works in a similar way to a revolving door that helps move people inside and outside of a building. Put the potassium ions in the crowd moving in and sodium in the crowd moving out and you get the basic picture, with one twist. The Na-K ATPase revolving door doesn’t create equal opportunity openings. For every two K+ ions that are pumped in three Na+ are pumped out. As a result, at rest, sodium and chloride ions are much more highly concentrated outside your cells, while potassium is more highly concentrated inside. Because ions have either a positive or negative charge and they aren’t evenly distributed across the cell membrane, you wind up with an electrical difference between the inside and outside of the neuron. This is called the “membrane potential.”

A way to appreciate this potential difference is to think about a physical example. Imagine a tub of water. Now take a glass and put it into the water upside down so there is air trapped inside it. As you push it down into the tub, the glass will have some water enter it as the water pressure overcomes the air pressure in the glass. This is similar to the way that the membrane potential increases and decreases across your neurons. This changing level signals information flow in the nervous system. All cells have resting membrane potential differences, but it is only excitable cells in nerve and muscle that can generate changes in membrane potential and transmit those changes as information.

Muscles as Motors—How Do Tony Stark’s Muscles Work?

The spinal cord is highly organized. Sensory innervation of—or bringing nerves to—the skin on different parts of the body corresponds with different levels of the spinal cord. The relationship between nerves in the spine and what are called “dermatomes” is shown in figure 2.2. The organization of the dermatomes is typically thought of using the four regions of the spine and spinal cord. From head to “tail” these are cervical, thoracic, lumbar, and sacral. This concept of dermatomes is useful for diagnosis in clinical neurology. A good (bad?) example is with back injuries. If you or someone you know has had a disc herniation, they likely had some changes in how sensory information from the skin on the legs was relayed. For example, about 20 years ago I had three herniated lumbar discs at L3-L4, L4-L5, and L5-S1. As a nice reminder, I now have patchy sensation on the skin of my lower legs associated with the dermatomes for those spinal levels.

Activity in the nervous system leads to the activation of muscle. If Tony Stark decides he wants to pick up a laser-guided tool of some kind—maybe an arc welder—to make a modification to the Iron Man armor, a command will arrive at the motor cortex of the brain. This is the main movement-control area of his brain and the place where the commands that are sent down the spinal cord to trigger muscle contraction come from.

There is also the issue of motor innervations to “motoneurons”—short for motor neurons—for different muscles in the body. The motoneurons are also organized at anatomical levels. For example, when the signal descends to the part of the spinal cord where the nerve cells for the muscles involved in reaching are found, the cervical region in this case, activation of those cells commands the muscles to become active. For biological systems like your body, the lowest level of control for generating force is using what is called a “motor unit.” This unit is the nerve cell in the spinal cord and all the muscle cells (or fibers) that it connects with. So, when a muscle contraction occurs, it results from activity in many muscle fibers. The muscle fibers have proteins within them that regulate contraction and also produce the actual contraction forces. In figure 2.3, there is an example of a motor unit showing just a few muscle fibers. The motoneuron is at the top of the figure showing the cell body and dendritic tree (the filament-like bits at the top) in the spinal cord with the axon shown extending out to the muscle. The things that look like hot dog buns on the outside of the axon are the sheaths of fatty insulation called “myelin” that help keep signals moving quickly.
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Figure 2.2. Dermatomes are areas of skin that are innervated—literally, supplied with nerves—by the sensory fibers from nerve roots in the spinal cord. Note that each dermatome is named according to the spinal nerve supplying it. Although there are seven cervical vertebrae, there are eight cervical dermatomes. Courtesy Ralf Stephan.
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Figure 2.3. A motor unit—the basic functional unit for movement—consists of neurons (cell bodies) in the spinal cord, along with the extension of the axon out to the fibers in the muscle. Courtesy Johannes Noth (1992).

Once the electrical signal from a motoneuron arrives at the synapse (called the neuromuscular junction), that signal becomes chemical. The term “synapse” was first used by Sir Charles Sherrington, a Nobel Prize–winning physiologist (and, as readers of Becoming Batman already know, one of my superheroes of science). At the synapse for the neuromuscular junction, the chemical neurotransmitter acetylcholine is released, crosses the gap, and leads to depolarization of the muscle fibers. This turns the signal into an electrical one again and causes the release of calcium ions that serve as triggers for muscle contraction.

Muscle fibers are composed of different proteins. Some of these proteins have a direct role in producing muscle force and are called “contractile proteins.” Others have an indirect role in regulating contraction. The contractile proteins are actin and myosin molecules. Motor units come in “sizes,” which means that the number of muscle fibers controlled by each motoneuron differs. But the number is variable in a logical way and can range from about ten muscle fibers for one motoneuron up to thousands of muscle fibers. Keep in mind that when a motoneuron is commanded to be active, all the innervated muscle fibers must also be active. Your motor units (or at least the muscle fibers innervated by them) are real team players! This means that a small motor unit with ten fibers will produce less force than a large unit with a hundred fibers. Not surprisingly then, we find that the motor units controlling the movement of your eye (which has a very small mass) are the smaller units and those controlling your much larger (and heavier) leg muscles are the larger units.

If Tony needs to push more forcefully with a handheld laser—that is, he wants to change force production in his muscles—his motor commands will make more motor units become active (called “recruitment”) or the motor units that are already going will be active at a higher frequency. Both of these things happen more or less at the same time, except motor units are recruited and then activated at a higher rate. Then more units are recruited and made to discharge higher and so on. Meanwhile, the force of contraction will be steadily increased. This is something you wouldn’t notice at all, but it is a great example of matching between the output of the nervous system and the mechanical ability of your muscles to produce force.

Tony Stark’s motor units come in two basic types depending on how fast they contract (or “twitch”) and how fatigable they are (how long they can keep contracting before having to stop). These two main types are called, rather unimaginatively, type I and type II or “slow twitch” and “fast twitch.” The fastest twitch and most forceful units are the type II. The slightly less strong and slower twitch units are the type I. When Tony is manipulating that laser, he would be bringing into activity more and more units at different frequencies. If he had to hold it for a prolonged time, he would begin to experience fatigue. His muscles would start to ache from the pain detected by the metabolic processes occurring and his arm might begin to shake or appear to vibrate a bit. This is called “physiological tremor” and wouldn’t be particularly helpful if accuracy were needed. So, he would have to rest a bit between his efforts.

Your muscles are a really efficient kind of biological motor. If we were to compare them with real technological motors, it would probably be most useful to compare power output based on weight. According to Steven Vogel and his work on human muscle, your skeletal muscle produces about 200 watts per kilogram (90 watts per pound). The steam pump, debuting during the industrial revolution in 1712 in the hands of Thomas Newcomen and refined by James Watt in 1775, produced just over half of that at about 50 watts. That doesn’t quite match 200 or 500 watts per pound for a car or motorcycle engine, but it still is pretty good. By the way, a jet aircraft turbine clocks in at approximately 2,500 watts per pound. All in all, for a squishy bit of biological material, our muscles do pretty well.

Probably the main thing you think about concerning your muscles is how much force they produce. You might be surprised to learn that there are a number of oddities that occur during muscle activation and force production that introduce a few wrinkles into what we are able to do and how we (unconsciously) do it. Imagine a forklift tractor with the loader on the front. The hydraulic piston that helps raise and lower the load on the tractor behaves in the same way each time it is used. This is a highly linear system, and it is tempting to think of muscles as working in a similar way. But, muscles operate in a nonlinear system and have some peculiarities. The force that your muscles produce depends on the length of the muscle fibers and the speed at which the muscle is contracting. The details of the relationship can be a bit complex but, generally, the faster a contraction is occurring, the less force that can be produced. During a slower contraction, more force can be produced. This is called the “force-velocity relation.” You can flip this around into a load-velocity relation and think instead about how fast you could contract arm muscles to move your arm when holding a light weight versus holding a heavy weight. The lower the weight, the faster you can move, since, as we’ve noted, less force is needed to move a lighter weight. All of this applies to what are called “shortening contractions,” which are when muscles are active and are shortening (also called “concentric actions”).

If you are sitting down right now, you could do a shortening contraction with your knee extensor muscles (your “quads,” or quadriceps, on the front of your upper leg) by raising your leg until your foot is parallel with your hip. If you hold it out at complete knee extension, you are performing a constant length, or “isometric,” contraction. When you slowly bring your foot back down and let your knee extensors relax, you are performing a lengthening, or “eccentric,” contraction. A lengthening contraction produces the highest forces, and this force goes up the faster you move.

During everyday tasks, your muscles are constantly doing both shortening and lengthening contractions. For example, when you go up stairs, the knee extensor muscles are doing a lot of shortening actions. When you come down, they perform lengthening contractions. But your muscles are about 30% more efficient going downstairs than they are going upstairs. The actual force that moves those bones comes from the contractile parts of the muscle fibers as well as the connective tissue that holds the fibers and the muscle as a whole and keeps everything connected to the tendons. All of those pieces together have some elasticity, and it is because muscles use this elasticity when they contract while stretched that makes them more efficient. Elasticity in muscle and tendon has important implications for moving Tony Stark and his Iron Man suit around.

How Can Iron Man’s Motors Mimic Tony’s Muscles?

A main theme of this book is examining the amplification of human performance by the use of technology. Generally when we think of robotics and control issues inherent in the Iron Man suit of armor, this means thinking about the state of the technology in powered devices. Let’s consider another state-of-the-art example that has to do with something more day to day: sports biomechanics and performance using modified prosthetics. The term “prosthesis” simply refers to an artificial extension of a part of the body, usually a part that is missing or has been lost due to disease or injury. Unfortunately, and rather grimly, there is a strong link between research into amplifying the performance of amputees using prosthetics and assistance for soldiers. Soldiers in battle are and have always been at risk for losing limbs during combat. There has historically been a big technological advance in prosthetics development following large military operations in many cultures. For example, there was a huge upswing in the need and interest in prosthetics during the U.S. Civil War. In recent times, this has been greatly exacerbated by the role that “improvised explosive devices,” or IEDs, have played in the wars in Iraq and Afghanistan. Just like the horrible toll that landmines have and continue to take, these devices lead to many limb amputations.

As seems to be the case with so many things, the concept of prosthetic limbs can also be traced back to Egypt, where an artificial toe was created and used around 1500 BC. The first known and effective prosthetic hand that is relevant here is that of a German knight named Götz von Berlichingen about AD 1500. His hand was injured by cannon fire during battle and he had a mechanical one created. His use of the artificial hand gave him the nickname of the “Iron Hand” and was written about in the Goethe play of the same name. I cannot explain how amazing it was to discover a knight called “Iron Hand” when researching for this book about Iron Man. It could not have been better. As you can see in figure 2.4, the hand actually had a mechanism that allowed the fingers to flex, so it was really quite advanced for its time. If we zip forward to 1800 and the Napoleonic wars, we come across an above the knee prosthetic leg called the “Anglesea leg.” It was used by Lord Uxbridge, who was a cavalry officer for the duke of Wellington (who, by the way, was also known as the “Iron Duke”!). This leg had an advanced mechanical design that allowed the foot to automatically rotate upward while the knee bent during the swing phase (when the foot is off the ground) of walking. This is just like the way the foot moves during walking across the ground normally, and this movement allowed for clearance between the foot and the ground to prevent tripping. This basic design persists into modern day in many prosthetic limbs.
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Figure 2.4. Iron hand prosthetic of Gottfried “Götz” von Berlichingen (1480–1562). This mechanical prosthetic hand began use in 1504 when von Berlichingen lost his arm in military action. It could be used for a range of activities from wielding a sword to holding a pen.

Does Iron Man Have a “Spring” in His Step?

Let’s now also consider a sports example, namely, the use of specialized prosthetic legs by world-class sprinter and double-amputee Oscar Pistorius. There are two major bones in the lower leg called the tibia (your shin bone) and the fibula (the one that runs along the side of your leg—you can feel the bottom of it as the outside of your ankle). Both bones are needed to provide stability for the foot and to form the ankle joint. Oscar was born without fibulas in both legs, and there was really no chance that he would have been able to stand and walk. So, when he was still an infant (about 11 months of age), his legs were surgically amputated. This may sound dramatic and clearly caused a permanent loss. Removing the lower part of his legs allowed him to use prosthetics that could carry his weight and could be used for walking and, essential for what he does now, running. Very fast. Oscar is now the most dominant double-amputee sprinter and has won several gold medals at the 2008 Paralympics in the 100, 200, and 400 meter distances. His prosthetic legs are termed “blades” (you can see why in the image of him running shown in figure 2.5), but the technical name of these carbon-fiber prosthetics is the “Ossur Flex-Foot Cheetah.” The “flex-foot” part of the name is key to how the legs help with performance. Another component that helps Oscar’s performance is that the blades are so lightweight. In fact, the prosthetics work so well that, when combined with the superb sprinting physiology and mechanics of Oscar Pistorius, they created a controversy in track and field in 2007 when he first competed against runners with intact limbs. He did so well that claims were made that his “blades” gave him an unfair performance advantage over runners who had to use their own legs!

As a result of this, the International Amateur Athletic Association (or IAAF) as the governing body for track and field banned the use of performance-enhancing technology, included the use of the “blades” and ended any idea of Oscar’s competing in the 2008 Olympics. In fact, IAAF Rule #144.2 prohibits using “any technical device incorporating springs … that provides the user with an advantage over another athlete not using such a device.” As posed by Brendan Burkett, a professor of biomechanics at the University of the Sunshine Coast in Australia, “Does the technology create an unfair advantage for the Paralympian when competing against able-bodied Olympic athletes?” Burkett raised a number of very interesting “thought problems” when trying to work out the issue of technology in worldwide sports competitions like the Olympic and Paralympic games. If technology can play such an important role in human performance, what about the problem of equal access to all competitors? He points out the issue of access by highlighting the stunning fact that the winner of the 1960 Olympic Marathon was an Ethiopian named Abebe Bikila—who ran barefoot. With access to technological advances like running shoes, Bikila’s time would have certainly been even better than the winning margin he did produce. There are numerous more recent examples, such as the use of specialized fibers in tracksuits or swimming suits that can change the drag and friction experienced while running and swimming.
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Figure 2.5. South African Paralympic runner Oscar Pistorius using his lower leg lightweight carbon-fiber “flex-foot” prosthetics (A) while running in Iceland; running stride using “flex-foot” blades (B). Panel A courtesy Elvar Palsson; panel B adapted from Weyand et al. (2009a and 2009b).

When we come back to the example of the “blades” of Oscar Pistorius and the issue of using prosthetic limbs to enhance performance, for a minute it does seem a bit bizarre to question the performance of a person who has something that should limit running performance—that is, no lower legs. However, if we think a bit further maybe there is something to this. Can technology be used to not just restore or replace function that is normally part of the body, like having legs to walk and run with, but to actually enhance performance beyond the level of those with intact bodies?

To fully appreciate why this design can be so useful, let’s consider the way walking works. Walking and running are like falling forward and continually catching up to our falling bodies by taking our next steps with our legs. This is often visualized by the movement of the body’s center of mass (COM) across the ground. On average, your COM is approximately located in the middle of your abdomen behind your belly button. The movement of the body is often described as an inverted pendulum, because, once the next step is taken, the COM kind of vaults over the place on the ground. However, a key part is that there is a springiness to this vaulting. As your weight moves onto your leg, there is a compression due to the motions at the hip, ankle, but mainly the knee. There is a large elastic—or springy again—property to your muscles and tendons, which is what is tapped into during walking (and other behaviors). Because of this, a bio-mechanical model of the legs during walking often shows a spring where the knee is. Then the limb is described as having a certain stiffness or compliance. By changing muscle activity (or more generally by wearing different shoes), you can change this stiffness in a step-by-step way. A portion of this is carried out by your reflexes, particularly the stretch reflex (figure 2.6). Quite a lot of our efficient walking and hopping is due to the way our nervous system assists our movement using our stretch reflexes. Stretch reflexes occur when the lengthening (or stretching) of a muscle activates sensors in the muscle itself. Those receptors send signals back to the spinal cord, which then reinforces and supports the activity of that muscle.

[image: Image]

Figure 2.6. Simple reflex pathway (“stretch reflex”) to support contraction of the lower leg muscles during running and walking. Courtesy David Collins.

A dynamic change occurs in your walking or running when you go from running barefoot on a soft sand beach to running on a hard pavement foot path. This can trip you up—both literally and figuratively—sometimes. Once I was running across an airport trying to make a connection due to a delayed flight. I was running on a very soft springy moving walkway and just kept right on running as I came off the other end and landed on the hard tiled surface of the normal airport walkway. The jarring that I experienced felt like it had loosened all my teeth. It only took one step and then my body—set by my brain—had adjusted. You may have experienced this kind of thing by actually running in the sand. You get a similar kind of mismatch if you are running or walking down a staircase—typically at night—and then misjudge where the last step is. That can be very jarring too, and it is caused by that mismatch in what is expected to occur and what actually happens.

Dan Ferris and his colleagues have been researching aspects of this very problem—the dynamic changes in the control that the body can produce—for quite some time by using exoskeletons fitting over the legs to modify natural movement and to examine how neural control adapts when this happens. Their work has shown that when we run or hop on different surfaces, the stiffness of our legs is adjusted to compensate for the surface. This means there is less disturbance to the motion of the whole body. Think about running on a sandy beach compared to running on a paved road. Or running as a human and running as Iron Man. The general idea is kind of like having an adaptable shock absorber that is tuned exactly to what kind of shock you will experience. Figure 2.7 shows the lower limb working like a “shock” absorbing spring during walking and running. Panel A demonstrates how movement of the ankle and knee (and activation of muscles acting at those joints) produces a springlike effect that the body works on while walking and running. As you walk or run, remember that your COM is always rising and falling slightly. This is controlled by the “stiffness” of your legs and shown by the circle on the top of the spring in the figure. The stick diagrams (panel B) show the movements at the ankle, knee, and hip. The exoskeleton (panel C) is used to change the mechanical responses of the ankle joint. Ferris’s research has been tremendously successful in advancing our understanding of how the body works during walking, running, and hopping.

If you can appreciate the mechanics of walking in this way, it becomes pretty clear why there has been so much controversy over a device that changes the properties of the legs. Essentially the “blade runner” prosthetic used by Oscar Pistorius dramatically increases that springiness. It stands to reason that this would also make performance much better. However it was mostly an intellectual argument until recently.

Because of all the legal issues that arose from the track and field controversy, it was necessary to see if there was any science behind the contentions. Several movement scientists were called in to measure the physiological cost of walking and running and the bio-mechanics of using prosthetics. Peter Weyand and colleagues performed studies comparing the speeds, metabolic energy cost, and biomechanical characteristics of the double amputee running with the blades with those of elite, high performance track athletes. Incredibly, the use of the blades allowed for almost equivalent performance to elite level runners. This is stunning in terms of how technological advance in prosthetics can give rise to such a leveling of the playing field. However, it has raised some additional concerns about whether the use of such technology may actually allow for increased performance, that is, for performance better than that of people with intact limbs.

[image: Image]

Figure 2.7. The circle represents the body center of mass suspended over the legs, which work as springs while walking (A); the “leg spring” comes from controlling muscles that cross the hip, knee, and ankle (B); exoskeleton worn over the leg used to change the mechanical responses of the ankle joint (C). Courtesy Daniel P. Ferris.

[image: Image]

Figure 2.8. Parade performer in Disneyland, California, using a lower limb exoskeleton to amplify the springlike activity that the legs produce normally.

The bottom line of all the scientific analysis is that the carbon fiber “blades” could significantly enhance performance. This is largely because the blades allow for a far more efficient running pattern. The blades are actually much lighter than the lower legs they replace, which means that the legs can be moved about 15% faster than the highest performance of sprinters with intact legs—including 2008 double gold medal winner Usain Bolt of Jamaica. Also, the same overground running speeds could be obtained using the blades while applying about 20% less force into the ground. Overall the “springiness” of the blades meant that only about one-half of the muscle force needed for sprinting at the same speeds with intact limbs was needed with the prosthetic legs.

If Oscar were a marathon runner, there would be different issues. On New Year’s Day in 2010 American ultradistance runner Amy Palmiero-Winters won the “run to the future.” She covered 130.4 miles in 24 hours, making her the first person with a prosthetic lower leg to qualify for the U.S. track team. Her situation is different from Pistorius, because the mechanical benefits Amy might get from a single prosthetic leg don’t really help with long-distance running.

If you keep your eyes open, you can see small-scale applications of assisting human movement with technology in many different places. I took the picture of a performer during a family trip to Disneyland in 2009 (figure 2.8). The basic ideas we have been discussing are clearly shown in how he used spring boot pogo sticks to amplify movement. The main point of this as it relates to Iron Man is that even simple devices can augment and improve function in people with amputation—and those like the Disneyland performer who are just trying to have fun.

What is important to consider is that really efficient machine-based locomotion should probably mimic what we do when we just walk around. So, an Iron Man armored suit should do the same. After all, as Tony Stark said while testifying at the “Weaponized Suit Defense Program Hearings” (shown in the Iron Man 2 movie), his device is really just “a high-tech prosthetic.” Now let’s look at some other prosthetics that link directly to the nervous system.
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